LA-UR-12-27079 Rev

The NJOY Nuclear Data Processing System,
Version 2012

Original Author: R. E. MacFarlane
Theoretical Division
Los Alamos National Laboratory

Contributing Authors
D. W. Muir
R. M Boicourt
A. C. Kahler

Current Editor: A. C. Kahler

Original Issue: December 20, 2012

Updated for NJOY2012.50
February 12, 2015

Abstract

The NJOY Nuclear Data Processing System is a comprehensive computer code pack-
age for producing pointwise and multigroup cross sections and related quantities from
evaluated nuclear data in the ENDF format, including the latest US library, ENDF/B-
VII. The NJOY code can work with neutrons, photons, and charged particles, and it
can produce libraries for a wide variety of particle transport and reactor analysis codes.
NJOY2012 packages all the capabilities of the recent versions of NJOY, plus a few new
options, using modern modularized Fortran-90 style.



Disclaimer of Liability:

Neither the United States Government nor the Los Alamos National Security, LLC., nor
any of their employees, makes any warranty, express or implied, including the warranties
of merchantability and fitness for a particular purpose, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, appara-
tus, product, or process disclosed, or represents that its use would not infringe privately
owned rights.

Disclaimer of Endorsement:

Reference herein to any specific commercial products, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or the Los
Alamos National Security, LL.C. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government or the Los Alamos
National Security, LLC., and shall not be used for advertising or product endorsement
purposes.

©Copyright 2012 Los Alamos National Security, LLC All Rights Reserved



CONTENTS LA-UR-12-27079 Rev
Contents
Contents iii
List of Figures ix
List of Tables xii
1 INTRODUCTION 1
1.1 The Modules of NJOY . . . . .. ... o 1
1.2 Data Flow in NJOY . . . .. . ... ... 3
1.3 Computer Implementation . . . . . . .. ... ... ... ... ... 7
1.4 History and Acknowledgments . . . . . . ... ... . ... ... ... 8
2 NJOY 19
2.1 The NJOY Program . . .. ... .. ... ... ... .. ... 19
2.2 Imterface Files . . . . . . . . . L 21
2.3 Free Format Input . . . . .. ... .. o 22
2.4 ENDF Input-Output . . . ... ... .. ... ... .. ... 23
2.5  Buffered Binary Scratch Storage . . . . . . ... ... oL, 27
2.6 Dynamic Storage Allocation . . . . . . . ... ... ... ... 28
2.7 ENDF/B Utility Routines . . . . . . . ... ... ... .. ...... 28
2.8 Math Routines . . . . . . .. .. L 29
2.9  System-Related Utility Routines . . . . . . ... .. ... ... ..... 29
2.10 Error and Warning Messages . . . . . . . . .. . ... .o 30
2.11 Coding Details for the NJOY Main Program . . . . . ... ... .. .. 33
3 RECONR 43
3.1 ENDF/B Cross Section Representations . . . ... ... ... ..... 44
3.2 Unionization and Linearization Strategy . . . . . ... ... ... ... 45
3.3  Linearization and Reconstruction Methods . . . . . . . ... ... ... 46
3.4  Resonance Representations . . . . . .. ... ... 0L, 51
3.5 Code Description . . . ... ... L 65
3.6 Input Instructions . . . . . . . . ... Lo 71
3.7 Error Messages . . . . . . . ..o 73
3.8  Input-Output Units . . . . . . .. ... 75
3.9  Storage Allocation . . . . . . ... . L 76
4 BROADR 7
4.1  Doppler-Broadening Theory . . . . . .. ... ... ... ... ..... 78
4.2 Thermal Quantities . . . . . . . ... L Lo 83
4.3  Data-Paging Methodology . . . . .. .. ... ... . ... .. ... 84
4.4  Coding Details . . . . . . .. .. 85
4.5 UserInput . . . . . .. o e 88
4.6 Error Messages . . . . . . ... L oo 91
4.7  Input/Output Units . . . . . ... . . .. 92
4.8  Storage Allocation . . . . . ... L Lo 92

NJOY2012

iii



LA-UR-12-27079 Rev CONTENTS

5 UNRESR 93
51  Theory . . . . o o e 93
5.2 Implementation . . . . . . .. .. L L 106
5.3 UserInput . . . . .. .. . e 109
54  Output Example . .. ... .. L 0 110
55 Coding Details . . . . ... . 111
5.6  Error Messages . . . . . . . ... Lo 114

6 HEATR 115
6.1  Theory of Nuclear Heating . . . . . . ... ... ... ... ....... 115
6.2  Theory of Damage Energy . . . . . . ... ... ... .. 119
6.3  Computation of KERMA Factors By Energy Balance . . . . . .. ... 121
6.4 Kinematic Limits . . . . . .. .. Lo 123
6.5  Computation of Damage Energy . . . . . . . ... ... ... ... .. 126
6.6 Heating and Damage from File 6 . . . . . ... ... ... ... .... 129
6.7 UserInput . . .. .. ... e 132
6.8 Reading HEATR Output . . . . . . . .. ... . ..., 136
6.9 Diagnosing Energy-Balance Problems . . . . . . .. ... ... ... .. 146
6.10 Coding Details . . . . . . . . o 150
6.11 Error Messages . . . . . . o i i e e e e 160
6.12 Storage Allocation . . . .. . ... ... oo 163

7 THERMR 165
7.1  Coherent Elastic Scattering . . . ... ... .. ... .. ........ 166
7.2 Incoherent Inelastic Scattering . . . . . . ... ... . L. 168
7.3 Incoherent Elastic Scattering . . . . . .. ... ... . . 174
74 Coding Details . . . . .. ... L 174
7.5 Using the ENDF/B Thermal Data Files . . . .. .. ... ... .... 179
7.6 Input Instructions . . . . . . . . .. L Lo 181
7.7  Error Messages . . . . . . . . .. e 184
7.8 Input/Output Units . . . . . . ... ... 186
7.9  Storage Allocation . . . . . ... L 186

8 GROUPR 187
8.1  Multigroup Constants . . . . . ... ... ... . 188
8.2 Group Ordering . . . . . . . . .. e 190
8.3  Basic ENDF Cross Sections . . . . . ... ... ... ... ...... 191
8.4  Weighting Flux . . . . . . . . . .. . . 191
8.5  Flux Calculator . . . . . . . ... ... ... 198
8.6  Fission Source . . . . . ... 201
8.7  Diffusion Cross Sections . . . . . ... .. ... . 204
8.8  Cross Sections for Transport Theory . . .. ... ... ... .. .... 205
8.9  Photon Production and Coupled Sets . . . . .. ... ... ... .... 207
8.10 Thermal Data . . . . . . . . . . . e 209
8.11 Generalized Group Integrals . . . . . ... . ... ... L. 211
8.12 Two-Body Scattering . . . . . . ... ... ... oo 214
8.13 Charged-Particle Elastic Scattering . . . . . . ... ... ... ... .. 217
8.14 Continuum Scattering and Fission . . . . . . .. . ... ... ... ... 218
8.15 File 6 Energy-Angle Distributions . . . . . . ... ... ... ... ... 224
8.16 Smoothing . . . . . . . ... e 227
8.17 GENDF Output . . . . . . ... 228

iv NJOY2012



CONTENTS

LA-UR-12-27079 Rev

8.18 Running GROUPR . . . ... ... ... ... .. .. 230
8.19 Coding Details . . . . . ... 251
8.20 Error Messages . . . . . . . ..o e 264
9 GAMINR 271
9.1  Description of ENDF /B Photon Interaction Files . . . . ... ... .. 272
9.2  Calculational Method . . . . . . . ... ... Lo 273
9.3  Integrals Involving Form Factors . . . .. .. ... ... ... ..... 274
9.4 Coding Details . . . . . . . . . . . . e 276
9.5 UserInput . . .. ... . e 276
9.6  Error Messages . . . . . . . ... 279
9.7 T/OUnits . . . . . .o 282
10 ERRORR 283
10.1 Imtroduction . . . . . . . . . L 283
10.2 Definitions of Covariance-Related Quantities . . . . . . . .. . ... .. 285
10.3  Structure of ENDF Files 31, 33, and 40: Energy-Dependent Data . . . 287
10.4 Resonance-Parameter Formats—File 32. . . . . ... .. .. ... ... 292
10.5 Secondary Particle Angular Distribution Covariances—File 34 . . . . . 295
10.6 Secondary Particle Energy Distribution Covariances—File 35 . . . . . 295
10.7 Radioactive Nuclide Production Covariances-File 40 . . . . . . . . .. 297
10.8 Calculation of Multigroup Fluxes, Cross Sections, and Covariances on
the Union Grid . . . . . . . . .o o 300
10.9 Basic Strategy for Collapse to the User Grid . . . . .. ... ... ... 304
10.10 Group-Collapse Strategy for Data Derived by Summation . . . .. . . 305
10.11 Processing of Data Derived from Ratio Measurements . . . . ... .. 308
10.12 Multigroup Processing of Resonance-Parameter Uncertainties . . . . . 312
10.13 Processing of Lumped-Partial Covariances . . . . . .. ... . ... .. 313
10.14 Input Instructions and Sample Input for ERRORR . . . ... ... .. 313
10.15 ERRORR Output File Specification . . . . . .. . ... ... ... ... 334
10.16 Error Messages . . . . . . . . . .o 342
10.17 Input/Output Units . . . . . . . . .o o o 350
11 COVR 353
11.1 Imtroduction . . . . . . . . . oL 353
11.2  Production of Boxer-Format Libraries . . . .. ... .. .. ... ... 353
11.3  Generation of Plots . . . . . . . . ... L o 355
11.4 Input Instructions for COVR . . . .. .. ... ... ... ... .... 358
11.5 COVR Example Problem . . . . . . . ... ... ... ... ....... 364
11.6  Error Messages . . . . . . . . . . oo 366
11.7 Input/Output Units . . . . ... . . 367
11.8 Retrieval Program for COVR Output Libraries . . .. ... ... ... 368
12 MODER 373
12.1 Code Description . . . . . . .. . 373
12.2 Input Instructions . . . . . . .. .. oo L 373
12.3 Sample Input . . . . .. . ... . 375
12,4 Error Messages . . . . . . . . . o e 376

NJOY2012



LA-UR-12-27079 Rev CONTENTS

13 DTFR 379
13.1 Transport Tables . . . . . . . ... ... 379
13.2 Data Representations . . . . . . .. . ... 0oL 382
13.3 Plotting . . . . . . o . e 388
13.4 UserInput . . . . . . . 0 e 391
13.5 Coding Details . . . . . . ... 396
13.6 Error Messages . . . . . . . . ..o 398

14 CCCCR 399
14.1 Introduction . . . . . . . . . Lo L 399
14.2  CCCC Procedures and Programming Standards . . . . . ... ... .. 400
14.3 The Standard Interface Files . . . . . . . .. .. ... ... ... ... 403
14.4 TSOTXS . . o o 404
14.5 BRKOXS . . . . e 419
146 DLAYXS . . . o o 426
14.7 Coding Details . . . . . . ... o 431
14.8 User Input . . . . . . . o o 440
14.9 Error Messages . . . . . . . .. e 446

15 MATXSR 449
15.1 Background . . . . ... 449
15.2 The MATXS Format . . . . . .. ... .. 451
15.3 Historical Notes . . . . . . . .. .. . 470
15.4 MATXS Libraries . . . . . . . . . . oo i e 471
15,5 UserInput . . . . . . . o 477
15.6 Coding Details . . . . . . ... L 480
15.7 Error Messages . . . . . . . .o o e e 486

16 RESXSR 489
16.1 Method . . . . . . . 489
16.2 RESXS Format Specification . . . . . . ... .. ... .00 490
16.3 UserInput . . . .. .. . e 493

17 ACER 495
17.1 ACER and ACE Data Classes . . . . . . . . . .. ... 495
17.2  Continuous-Energy Neutron Data . . . . . ... ... ... ... .. .. 496
17.3  Energy Grids and Cross Sections . . . . . ... ... ... .. ..... 497
17.4 Two-Body Scattering Distributions . . . . . . ... ... ... ... .. 500
17.5 Secondary-Energy Distributions . . . . . .. .. ... ... ... 501
17.6  Energy-Angle Distributions . . . . . .. ... ... 0L 501
17.7 Photon Production . . . . . .. ... .. oL 506
17.8 Probability Tables for the Unresolved Region . . . .. ... ... ... 508
17.9 Charged-Particle Production . . . . . .. .. ... ... . ... 508
17.10 Gas Production . . . . . . . . ... oL 509
17.11 Consistency Checks and Plotting . . . . .. .. ... .. .. ... ... 510
17.12 Thermal Cross Sections . . . . . . . . . . oo v v v v e 511
17.13 Dosimetry Cross Sections. . . . . . . . . . .. ... . 515
17.14 Photoatomic Data . . . . . . . .. . ... o 516
17.15 Photonuclear Data . . . . . . .. . . ... L 517
17.16 Type land Type 2 . . . . . . . o o i i it et e 518
17.17 Running ACER . . . . . . .. o 519

vi NJOY2012



CONTENTS LA-UR-12-27079 Rev

17.18 Coding Details . . . . . . .. . 527
17.19 Error Messages . . . . . . . . . oo o 542
18 POWR 547
18.1 Input Instructions . . . . . . . . ... Lo oL 547
19 WIMSR 553
19.1 Resonance Integrals . . . . . . . .. ... oL 5h3
19.2 Cross Sections . . . . . . v v i it 557
19.3 Burn Data . . . . . . . . 560
19.4 User Input . . . . . . . o e 560
19.5 Coding Details . . . . . . .. o 565
19.6 WIMS Data File Format . . . . ... ... ... ... ... .... 568
19.7  WIMSR Auxiliary Codes . . . . . . . .. .. oo 572
19.8 Error Messages . . . . . . . . ..o 572
20 PLOTR 575
20.1 Simple 2-D Plots . . . . . . . . . 576
20.2 Multicurve and Multigroup Plots . . . . . . ... .. ... ... ... 579
20.3 Right-Hand Axes . . . . . . . . . 584
20.4 Plotting Input Data. . . . .. .. ... oo 586
20.5 Three-D Plots of Angular Distributions . . . . . . ... ... ... ... 587
20.6 Three-D Plots of Energy Distributions . . . . . ... ... ... .... 588
20.7 Two-D Spectra Plots from Files 5and 6 . . . . . ... .. ... .... 590
20.8 Input Instructions . . . . . . . . .. .o Lo 592
20.9 Coding Details . . . . . . .. oL e 599
20.10 Storage Allocation . . . . . . . . . . . ... 601
20.11 Input and Output Units . . . . . . . . . .. .. ... ... ... ... 601
20.12 Error Messages . . . . . . . . ..o 602
21 VIEWR 603
21.1 Modular Structure . . . . .. ... 603
21.2 Using VIEWR . . . . ... o e 604
21.3 Input Instructions . . . . . . . . .. .. Lo 604
21.4 Coding Details . . . . . . .. . e 616
21.5  The Graphics Module . . . . . ... ... ... o 618
21.6 VIEWR Messages . . . . . . . .. ..ot i i 621
22 MIXR 623
22.1 UserInput . . . . . . . . . . e e e 623
22.2 Coding Details . . . . .. . . e 628
22.3 Error Messages . . . . . . . ..o 628
23 PURR 631
23.1 Sampling from Ladders . . . . . . .. ... .. 0oL 631
23.2 Temperature Correlations . . . . . .. .. ... .. ... 637
23.3 Self-Shielded Heating Values . . . . . . .. ... ... ... ... .. 637
23.4 Random Numbers . . . . . .. ... . o oo o 638
23.5 UserInput . . . . . . . . e e 638
23.6 Coding Details . . . . . .. . e 639
23.7 Error Messages . . . . . . . ... e 645

NJOY2012 vii



LA-UR-12-27079 Rev CONTENTS

24 LEAPR 647
24.1 Theory . . . . . . o e e 648
24.2 Input Instructions . . . . . . . . .. .o Lo 664
24.3 LEAPR Examples. . . . . . . ... e 670
24.4 Coding Details . . . . . . . . . . e 710
24.5 Error Messages . . . . . . .o e e e e e 714

25 GASPR 17
25.1 Gas Production . . . . . . .. . ... e 717
25.2 UserInput . . . . .. o 718
25.3 Coding Details . . . . . ... 719
25.4 Error Messages . . . . . . . o e e e e 719

26 NJOY Maintenance and Testing 721
26.1 Code Maintenance with UPD . . . .. .. ... .. ... .. ...... 721
26.2 Code Conversion . . . . . . . . . v v it i e e e e e 725
26.3 Standard Test Problems . . . . ... ... .. ... ........... 725
26.4 Test Problem 1 . . . . . . . . . . . . ... e 727
26.5 Test Problem 2 . . . . . . . .. ... 731
26.6 Test Problem 3 . . . . . . . . . . . ... 734
26.7 Test Problem 4 . . . . . . . . . .. ... 736
26.8 Test Problem 5 . . . . . . . . . . . .. e 737
26.9 Test Problem 6 . . . . . .. . . . . . ... .. e 739
26.10 Test Problem 7 . . . . . . . . . . 741
26.11 Test Problem 8 . . . . . . . . . . . ... 743
26.12 Test Problem 9 . . . . . . . . . . . .. 744
26.13 Test Problem 10 . . . . . . . . . . . . . . e 747
26.14 Test Problem 11 . . . . . . . . . . . . . . e 748
26.15 Test Problem 12 . . . . . . . . . . . . . e 751
26.16 Test Problem 13 . . . . . . . . . . . . .. . .o 752
26.17 Test Problem 14 . . . . . . . . . . . .. 754
26.18 Test Problem 15 . . . . . . . . . . . .. e 755
26.19 Test Problem 16 . . . . . . . . . . . . . . e 758
26.20 Test Problem 17 . . . . . . . . . . . . e 761
26.21 Test Problem 18 . . . . . . . . . . . .. . . o 764
26.22 Test Problem 19 . . . . . . . . . . . ... 767
26.23 Test Problem 20 . . . . . . . . . . . ... 769
26.24 Application of the NJOY System . . . . .. .. .. ... ... ..... 770

References 775

Index 785

viii NJOY2012



LIST OF FIGURES

LA-UR-12-27079 Rev

List of Figures

Uk W N~

7

8

9

10
11
12
13
14
15
16
17
18

19

20
21
22
23
24

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

NJOY2012

RECONR reconstructed xs with smooth, RR and URR regions . . . . . 44
Inverted stack mesh generation description. . . . . . ... .. ... ... 47
19F elastic scattering Legendre coefficients from RML data . . . . . . . 63
The 9B (n,a) cross section versus Doppler broadening temperature . . 81
The " C elastic scattering cross section versus Doppler broadening tem-

perature . . . . ... Lo e e e e e e 82
The 24°Pu low energy (n,y) cross section versus Doppler broadening tem-

perature . . . . ... Lo e e e e 82
Energy grid variation with Doppler broadening . . . . . . ... ... .. 83
Components of nuclear heating . . . . .. ... ... ... ... .... 116
Sample recoil energy and lattice displacement data . . . . . .. ... .. 120
Components of radiation damage energy production for 27Al . . . . .. 129
Total photon energy production and kinematic limits for *®Mn . . . . . 144
MT301 and MT443 for ®°Co . . . . . . . v oot 147
Example of File 3 and File 13 energy grid mis-match . . . . . . ... .. 148
Example of energy-balance problems . . . . ... ... ... ....... 148
Computed photon energy production and kinematic values. . . . . . . . 149
Example of coherent elastic cross section for a crystalline material (graphite) 167
Adaptive reconstruction of emission spectra (graphite) . . . . . ... .. 171
Neutron distribution for incoherent inelastic scattering from graphite (T

=293.6K) . . .. 172
Neutron distribution for incoherent inelastic scattering from graphite (T

= 293.6K), expanded view . . . . .. ... 172
Distributions for H in HoO with E-u-E’ ordering . . . . . .. ... ... 173
Incoherent inelastic distribution for H-H3O (expanded view) . . . . . . . 183
Pointwise and multigroup cross section comparison . . . . . . ... ... 192
The self-shielding effect on the first three 2**U capture resonances. . . . 197
238U capture resonance integral versus temperature and background cross

SECHION . . . . . L e e e e 197
Flux model predictions for 2*3UQ, in water in the region near the 6.7 eV

23U PESONANCE .+ v+ v v v e e e e e e e 200
Coupled Neutron/Photon Tables . . . .. . ... ... .. ........ 208
Bragg edges seen in the BeO coherent elastic scattering cross section . . 210
Interpolation along lines of constant energy transfer . . ... ... ... 211
Sample two-body scattering feed function . . . . .. ... ... ... .. 216
Coordinate mapping between CM and LAB reference frames for A=2 . 226
GROUPR weight functions on a logarithmic flux/unit lethargy scale . . 236
GROUPR weight functions on a linear energy scale . . . . . .. ... .. 237
Coupled neutron-proton-photon table . . . . ... ... ... ...... 250
Photon coherent scattering angular distributions . . . . ... ... ... 275
Photon interaction cross sections for uranium . . . .. . ... ... ... 280
Photon interaction cross sections for hydrogen . . . . . .. ... ... .. 280
ENDF/B-VIL.0 Uranium photoelectric subshell cross sections . . . . . . 281
ENDF/B-VILO °B(n,a) covariance data . . . . . ... .......... 284
Example of elastic scattering and (n,ny) covariance data . . . . . .. .. 294
Example of angular distribution covariance data . . . . .. .. ... .. 296
252Cf(n,f) spontaneous fission spectrum covariance data . . . . . . . . . 298
Radioactive nuclide production covariance example . . . . . . . .. ... 299
Mlustration of energy grid relations. . . . . . . .. ... ... ... ... . 300

ix



LA-UR-12-27079 Rev LIST OF FIGURES

44 Ratioed covariance data for 23°Pu(n,f) and 2! Am(n,f) cross sections . . 311
45  "Li “Lumped” covariance data . . . . . .. .. ... 314
46 Illustration of Boxer format . . . . . . .. ... .. ... ... 356
47  Pattern-search logic in used in COVR’s subroutine matshd . . . .. .. 358
48 DTFR cross section plot example . . . . . ... .. .. ... ... 388
49 DTFR cross section plot example, expanded energy range . . . . . .. . 389
50 DTFR scattering matrix plot example . . . . .. ... ... ... .... 389
51 DTFR photon production matrix plot example . . . .. ... ... ... 390
52  DTFR plot example, multiple plots per frame . . . . . . ... ... ... 390
53 DTFR plot example, compound edit . . . . .. ... .. ... ... ... 394
54  Principal cross sections for ENDF/B-VILO 27Al . . . . . ... ...... 511
55  Neutron energy distributions from 27Al(n,n’a) reaction . . . . . . . ... 512
56  Neutron scattering distribution from Hin H,O . . . . .. .. . ... .. 516
57  Sample 2-D plot with default axes . . . . ... ... ... ... ... 577
58 Sample 2-D plot with modified axes . . . .. .. .. ... ... ... 578
59  Sample 2-D plot with linear axes . . . . .. ... .. ... .. .. ..., 579
60 Sample plot with pointwise and multigroup data . . . . . ... ... .. 581
61 Sample plot displaying self-shielded cross sections . . . . . . . . ... .. 582
62 Sample plot with left- and right-hand axes defined . . . .. ... .. .. 584
63 Sample plot with user data . . . . .. ... ... . L oL, 587
64 Sample 3-D plot of angular distribution data . . . . .. ... ... ... 589
65 Sample 3-D plot of neutron secondary-energy distribution data . . . . . 590
66 Sample 2-D plot of neutron secondary-energy distribution data . . . . . 592
67 Sample region fill options in VIEWR, . . . . . .. ... ... L. 614
68 Sample 3-D plot with default axis and perspective . . . .. ... .. .. 615
69 Sample total cross section probability distributions . . . . . .. .. ... 634
70  Bondarenko-style self-shielding . . . . .. ... ... .. ... ...... 635
71 Self-shielding variation with temperature and dilution . . . .. ... .. 636
72 Graphite phonon frequency spectrum . . . . . . . .. ... 674
73  Coherent elastic scattering cross section for graphite . . . . ... .. .. 674
74 Incoherent elastic scattering cross section for graphite . . . .. .. ... 675
75 Frequency spectra for BeO. . . . ... ... .. oo oL, 677
76  The frequency spectrum for Hin Ho20 . . .. . ... .. ... ... .. 678
77 S(a,—p) for Hin HyO at room temperature . . . . . ... ... .... 687
78 S-hat vsbeta . . . . . oL 688
79  Incoherent inelastic spectra for Hin HoO . . . . .. .. ... ... 688
80  Incoherent inelastic spectra for H in HyO, detailed view . . .. .. ... 689

81  The incoherent inelastic cross section for H in HoO at two temperatures 689
82  The incoherent inelastic cross section for H in HoO for higher incident

ENETEIES . . . . . . Lo 690
83  The average scattering cosine for H in HoO compared to the static value

for scattering from atoms at rest . . . . .. ..o oL 691
84 A perspective view of an angle-energy distribution for H in HoO. . . . . 692
85 A perspective view of the isotropic part of the incoherent inelastic scat-

tering from Hin HoO. . . . . . .. ..o oo 692
86  Comparison of the ENDF/B-VILO thermal cross section for water at

lower incident energies with experimental results . . . . .. .. ... .. 693
87 Comparison of the ENDF/B-VILO thermal cross section for water at

higher incident energies with experimental results . . . . . . .. ... .. 694
88  Harker-Brugger frequency spectrum used for solid methane . . . .. .. 695
89 S(a,—p) for solid methane . . ... ... .. ... ... ... 698

X NJOY2012



LIST OF FIGURES LA-UR-12-27079 Rev

90 Inelastic and incoherent elastic cross sections for solid methane . . . . . 698
91  Outgoing neutron spectra for solid methane . . . . . .. ... ... ... 699
92  Agrawal-Yip frequency spectrum for liquid methane . . . . .. .. ... 701
93  Frequency spectrum for liquid methane with translational and rotational
MOodes . . . .. e e e e e e e 701
94  S(a,pB) for Liquid Methane . . . . . ... ... ... ... . ... .... 703
95  Cross section for liquid methane at 100K . . . . . . .. ... ... .. .. 704
96 Neutron Spectra for liquid methane . . . . . . . . .. ... ... ... .. 704
97 Keinert-Sax frequency spectrum . . . . .. ..o Lo 705
98  The static structure factor, S(k), for liquid hydrogen . . . . . .. .. .. 706
99  script-S vs beta for para-hydrogen . . . . ... ... ... ... .. .. 706
100 script-S vs alpha for para-hydrogen . . . . . . . . .. ... ... ... .. 707
101 script-S vs beta for ortho-hydrogen . . . . . ... ... ... ... .... 707
102 script-S vs alpha for ortho-hydrogen . . . .. ... ... ... ... ... 708
103 Para-hydrogen neutron spectra . . . . . . .. ... ... 708
104 Ortho-hydrogen neutron spectra . . . . . . . .. ... ... ... .. 709
105 Liquid hydrogen cross sections . . . . . . .. .. ... ... 709

NJOY2012 xi



LA-UR-12-27079 Rev LIST OF TABLES

List of Tables

1 Energy Parameter for Effective Doppler-Broadening . . . . . . ... .. 79
2 Atomic Displacement Energy Data for DPA . . . . .. ... ... .. .. 120
3 ENDF/B-III Thermal Data Files . . . . .. .. ... ... ........ 180
4 ENDF/B-VII Thermal Data Files . . . . ... ... ... ... ...... 180
5  Covariance Matrices Affected by Ratio Measurements In ENDF/B-V . . 310
6  Reaction pairs in the ENDF/B-V 238U evaluation . . . . .. ....... 324
7 Organization of Data for One Group in a Transport Table . . . . . . .. 379
8 Example of a Transport Table with Internal Edits . . . . . .. ... .. 381
9 Predefined Edits for DTFR . . . .. .. ... . . . ... .. 383
10 Example of DTFR Transport Tables Using Separate Edits . . . . . . . . 384
11 Thermal Reactions Available to DTFR . . . . . . ... ... ... .... 387
12 Standard MATXSR particle names . . . . . ... .. ... ... ..... 452
13 Standard MATXSR data-type names . . . . . . . . . . ... ... .... 452
14  MATXSR neutron emitting reaction names . . . . . . ... ... .... 453
15 MATXSR breadkup reaction (LR flag) names . . . . .. ... ... ... 453
16 MATXSR neutron absorption reaction names . . . . .. ... ... ... 454
17  MATXSR fission reaction names . . . . . . . . . . . ... ... ... .. 454
18  Special MATXSR NJOY names . . . . . . . ... . oo, 455
19  MATXSR gas production names . . . . . . . . ... ... .. 455
20 MATXSR incident proton reaction names . . . . . . .. .. ... .... 456
21  MATXSR thermal material names (ENDF/B-VII) . ... ... ... .. 457
22 MATXSR photoatomic cross section names . . . . . . .. ... ... .. 457
23 ACE Data Classes and ZAID suffixes . . . . ... ... ... ... .... 496
24  Example of union grid size variation in ACER .cfiles. . . . ... .. .. 497
25 ENDF/B-VII thermal MT numbers used in ACER and THERMR . . . 525
26 ACE particle codes for photonuclear files . . . . . .. ... ... .. ... 541
27  Sample Intermediate Resonance A Values . . . ... .. ... ... ... 556
28  Conventional thermal material MT numbers used in WIMSR, GROUPR

and THERMR . . . ... .. 564
29  Oscillator beta values fora =1 for Hin H,O . . . ... ... ... ... 687
30  Hin HyO SCT effective temperatures . . . . .. .. ... ... .. ... 691
31  Criticality benchmark results from MCNP5 with NJOY processed

ENDFE/B-VILO data . . . . . ... it 772
32  “FAST” criticality benchmark results from TRANSX/PARTISN with

NJOY processed ENDF/B-VIL.O data . . .. ... ... ......... 772
33 “THERMAL” criticality benchmark results from TRANSX/PARTISN

and NJOY processed ENDF/B-VII.Odata . . . . . ... ......... 772

xii NJOY2012



1 INTRODUCTION LA-UR-12-27079 Rev

1 INTRODUCTION

The NJOY nuclear data processing system[l, 2, 3, 4, 5] is a comprehensive
computer code package for producing pointwise and multigroup nuclear cross
sections and related quantities from evaluated nuclear data in the ENDF for-
mat. The U.S. Evaluated Nuclear Data Files (ENDF) have progressed through a
number of versions, notably ENDF/B-1II, ENDF/B-IV, ENDF/B-V, ENDF/B-
VI, and now ENDF/B-VII[6, 7]. The ENDF format has also evolved through
many versions. The format called “ENDF-6" was used for ENDF/B-VI and
ENDEF/B-VII; the latest version of the format is described in the ENDF-102
document([8, 9].  The ENDF format is also used in other nuclear data libraries
such as the JEFF libraries in Europe and the JENDL libraries in Japan, or in
specialized libraries distributed through the Nuclear Data Section of the Interna-
tional Atomic Energy Agency (IAEA). These libraries represent the underlying
nuclear data from a physics viewpoint, but practical calculations usually require
special libraries for particle transport codes or reactor core physics codes. This
is the mission of NJOY — to take the basic data from the nuclear data library

and convert it into the forms needed for applications.

1.1 The Modules of NJOY

The NJOY code consists of a set of main modules, each performing a well-defined
processing task. Each of these main modules is essentially a separate computer
program. They are linked to one another by input and output files. The main
modules are supported by a number of subsidiary modules providing things like
physics constants, utility routines, and mathematics subroutines that can be

“used” by the main modules. The NJOY modules are grouped as follows:

NJOY directs the flow of data through the other modules. Subsidiary modules
for locale, ENDF formats, physics constants, utility routines, and math
routines are grouped with the NJOY module for descriptive purposes.

RECONR reconstructs pointwise (energy-dependent) cross sections from ENDF
resonance parameters and interpolation schemes.

BROADR Doppler-broadens and thins pointwise cross sections.

UNRESR computes effective self-shielded pointwise cross sections in the un-
resolved energy range.

HEATR generates pointwise heat production cross sections (neutron KERMA
factors) and radiation damage production cross sections.
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THERMR produces cross sections and energy-to-energy matrices for free or
bound scatterers in the thermal energy range.

GROUPR generates self-shielded multigroup cross sections, group-to-group
scattering matrices, photon production matrices, and charged-particle multi-
group cross sections from pointwise input.

GAMINR calculates multigroup photoatomic cross sections, photon KERMA
factors, and group-to-group photon scattering matrices.

ERRORR computes multigroup covariance matrices from pointwise covariance
data.

COVR reads the output of ERRORR and performs covariance plotting and
output formatting operations.

MODER converts ENDF “tapes” back and forth between formatted (that is,
ASCII) and blocked binary modes.

DTFR formats multigroup data for transport codes that use formats based on
the DTF-IV code.

CCCCR formats multigroup data for the CCCC standard files ISOTXS, BRKOXS,
and DLAYXS.

MATXSR. formats multigroup data for the newer MATXS cross-section inter-
face file, which works with the TRANSX code to make libraries for many
particle transport codes.

RESXSR prepares pointwise cross sections in a CCCC-like format for thermal
flux calculators.

ACER prepares libraries in ACE format for the Los Alamos continuous-energy
Monte Carlo MCNP and MCNPX codes. The ACER module is supported
by subsidiary modules for the different classes of the ACE format.

POWR prepares libraries for the EPRI-CELL and EPRI-CPM codes.

WIMSR. prepares libraries for the thermal reactor assembly codes WIMS-D
and WIMS-E.

PLOTR makes plots of cross sections and perspective plots of distributions for
both pointwise and multigroup data by generating input for the VIEWR
module.

VIEWR converts plotting files produced by the other modules into high-quality
color Postscript plots.

MIXR is used to combine cross sections into elements or mixtures, mainly for
plotting.

PURR is used to prepare unresolved-region probability tables for the MCNP
continuous-energy Monte Carlo code.

LEAPR produces thermal scattering data in ENDF-6 File 7 format that can
be processed using the THERMR module.

GASPR generates gas-production cross sections in the pointwise PENDF for-
mat from basic ENDF cross sections.
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The methods used in these modules and instructions on how to use them are
given in subsequent sections of this report. The sections on the modules are

followed by an additional section on NJOY maintenance and testing.

1.2 Data Flow in NJOY

The modules of NJOY can be linked in a number of different ways to prepare
libraries for various nuclear applications. The following brief summary illustrates
the general flow of data in the code.

RECONR reads an ENDF file and produces a common energy grid for all
reactions (the union grid) such that all cross sections can be obtained to within
a specified tolerance by linear interpolation. Resonance cross sections are recon-
structed using a method of choosing the energy grid that incorporates control
over the number of significant figures generated and a resonance integral crite-
rion to reduce the number of grid points generated for some materials. Sum-
mation cross sections (for example, total, inelastic) are reconstructed from their
parts. The resulting pointwise cross sections are written onto a “point-ENDF”
(PENDF) file for future use. BROADR reads a PENDF file and Doppler-
broadens the data using the accurate point-kernel method. The union grid
allows all resonance reactions to be broadened simultaneously, resulting in a
saving of processing time. After broadening and thinning, the summation cross
sections are again reconstructed from their parts. The results are written out
on a new PENDF file for future use. UNRESR produces effective self-shielded
pointwise cross sections, versus energy and background cross section, in the un-
resolved range. This is done for each temperature produced by BROADR, using
the average resonance parameters from the ENDF evaluation. The results are
added to the PENDF file using a special format.

If desired, additional special kinds of data can be added to the PENDF file.
HEATR computes energy-balance heating, KERMA, and damage energy using
reaction kinematics or by applying conservation of energy. The ENDF pho-
ton production files can be used in this step, when available. Comparisons of
momentum and energy calculations with the photon files can be used to find
energy-balance errors in the evaluations. For ENDF-6 formatted data, charged-
particle distributions in File 6 are used directly to compute accurate heating
and damage parameters. The energy-balance heating results are added to the
PENDF file using ENDF reaction numbers in the 300 series; kinematic KERMA
uses the special identifier 443, and damage results use the special identifier 444.

THERMR produces pointwise cross sections in the thermal range. Energy-to-
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energy incoherent inelastic scattering matrices can be computed for free-gas
scattering or for bound scattering using a precomputed scattering law S(«,f3)
in ENDF format. The secondary angle and energy grids are determined adap-
tively so as to represent the function to a desired precision by linear interpo-
lation; the angular representation is then converted to one based on equally
probable angles. See the chapter on THERMR for another possible represen-
tation. Coherent-elastic scattering from crystalline materials can be computed
using internal lattice information, or for ENDF-6 formatted files, using data
from the evaluation directly. The scheme used provides a detailed representa-
tion of the delta functions in energy and angle. Incoherent-elastic scattering for
hydrogenous materials is represented using equally probable angles computed
analytically or using ENDF-6 parameters. The results for all the processes are
added to the PENDF file using special formats and special reaction numbers
between 221 and 250. Additional reactions describing the production of the
gases 'H, 2H, 3H, ®He, and *He can be added to the PENDF file with MT=203
— 207 using the GASPR module.

GROUPR processes the pointwise cross sections produced by the modules
described above into multigroup form. The weighting function for group aver-
aging can be taken to be the Bondarenko form, or it can be computed from the
slowing-down equation for a heavy absorber in a light moderator. Self-shielded
cross sections, scattering matrices, photon production matrices, charged-particle
matrices, and photonuclear matrices are all averaged in a unified way, the only
difference being in the function that describes the “feed” into a secondary group
g’ with Legendre order ¢ from initial energy E. The feed function for two-
body scattering is computed using a center-of-mass (CM) Gaussian integration
scheme, which provides high accuracy even for small Legendre components of the
scattering matrix. Special features are included for delayed neutrons, coupled
energy-angle distributions (either from THERMR or from ENDF-6 evaluations
using File 6), discrete scattering angles arising from thermal coherent reactions,
and charged-particle elastic scattering. Prompt fission is treated with a full
group-to-group matrix. The results are written in a special “groupwise-ENDF”
format (GENDF) for use by the output formatting modules. GAMINR uses
a specialized version of GROUPR to compute photoatomic cross sections and
group-to-group matrices. Coherent and incoherent atomic form factors are pro-
cessed in order to extend the useful range of the results to lower energies. Photon
heat production cross sections are also generated. The results are saved on a
GENDF file.
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The covariance module, ERRORR, can either produce its own multigroup
cross sections using the methods of GROUPR or start from a precomputed
set. The cross sections and ENDF covariance data are combined in a way that
includes the effects of deriving one cross section from several others. Special
features are included to process covariances for data given as resonance param-
eters or ratios (for example, fission 7). It is also possible to process covariances
for the Py component of an angular distribution, a secondary-energy distribu-
tion, and radionuclide production. The COVR module uses the output from
FERRORR together with the VIEWR module to make publication-quality plots
of covariance data; it also provides output in the efficient BOXER format, and
it provides a site for user-supplied routines to prepare covariance libraries for
various sensitivity systems.

MODER is often used at the beginning of an NJOY job to convert ENDF
library files into binary mode for calculational efficiency, or at the end of a
job to obtain a printable version of a result from ENDF, PENDF, or GENDF
input. It can also be used to extract desired materials from a multimaterial
library, or to combine several materials into a new ENDF, PENDF, or GENDF
file. DTFR is a simple reformatting code that produces cross-section tables
acceptable to many discrete-ordinates transport codes. It also converts the
GROUPR fission matrix to x and 7oy and prepares a photon-production matrix,
if desired. The user can define edit cross sections that are any linear combination
of the cross sections on the GENDF file. This makes complex edits such as gas
production possible. DTFR also produces plotting files for VIEWR to use in
making routine plots for the cross sections, Py scattering matrix, and photon
production matrix. This module has become somewhat obsolete with the advent
of the MATXS/TRANSX system.

A number of other interface file formats are available from NJOY. The CC-
CCR module is a straightforward reformatting code that supports all the options
of the CCCC-IV][10] file specification. In the cross-section file (ISOTXS), the
user can choose either isotope x matrices or isotope x vectors collapsed using any
specified flux. The BRKOXS file includes the normal self-shielding factors plus
self-shielding factors for elastic removal. The DLAY XS provides delayed-neutron
data for reactor kinetics codes. Note that some of the cross sections producible
with NJOY are not defined in the CCCC files. For that reason, we have intro-
duced the new CCCC-type material cross section file MATXS. The MATXSR
module reformats GENDF data for neutrons, photons, and charged particles
into the MATXS format, which is suitable for input to the TRANSX (trans-
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port cross section) code[11]. TRANSX can produce libraries for a variety of
particle transport codes that have been used over the years, such as ANISN[12],
ONEDANT(13], TWODANT([14], and DIF3D[15]. TRANSX has special fea-
tures to support the latest Sy transport code from Los Alamos, PARTISN[16].
The MATXS format uses efficient packing techniques and flexible naming con-
ventions that allow it to store all NJOY data types. A companion module,
RESXSR, formats pointwise data into a CCCC-like format for use in thermal
flux calculators.

Pointwise data can also be fed directly into the ACER module. This module
prepares cross sections and scattering laws in ACE format (A Compact ENDF)
for the MCNP code[17]. All the cross sections are represented on a union grid for
linear interpolation by taking advantage of the representation used in RECONR
and BROADR. “Laws” for describing scattering and photon production are very
detailed, providing a faithful representation of the ENDF-format evaluation with
few approximations. The data are organized for random access for purposes of
efficiency. MCNP handles self-shielding in the unresolved-energy range using
probability tables. The PURR module of NJOY can be used to prepare these
tables and add them to a PENDF file for reading by the ACER module.

Another alternate path for multigroup data is to use the POWR, module
to produce libraries for the power reactor codes EPRI-CELL or EPRI-CPM .
Similarly, the WIMSR module can be used to prepare libraries for the thermal
reactor assembly codes WIMS-D and WIMS-EJ[18].

At the end of any NJOY run, the PLOTR and VIEWR modules can be used
to view the results or the original ENDF data. PLOTR can prepare 2-D plots
with the normal combinations of linear and log axes, including legend blocks
or curve tags, titles, and so on. Several curves can be compared on one plot
(for example, pointwise data can be compared with multigroup results), and
experimental data points with error bars can be superimposed, if desired. Plots
can be prepared showing the ratio or percent difference of two cross sections.
PLOTR can also produce 3-D perspective plots of ENDF and GENDF angle
or energy distributions or thermal S(«, ) tables. The output of PLOTR is
passed to VIEWR, which renders the plotting commands into high-quality color
Postscript graphics for printing or for viewing. The HEATR, COVR, DTFR,
and ACER modules also produce plotting files in VIEWR format that are useful

for quality reviews of data-processing results. The MIXR module can be used

'EPRI-CELL and EPRI-CPM are proprietary products of the Electric Power Research Institute (EPRI),
3420 Hillview Avenue, Palo Alto, CA 94304.
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to combine isotopes into elements for plotting and other purposes. It only works

for simple cross sections at the present time.

1.3 Computer Implementation

NJOY2012 is written in a modern subset of Fortran-90, stressing the use of
modules. This has enabled us to remove all COMMON statements, which provides
for much safer coding. The modules help to enforce information hiding. Thus,
the RECONR module only makes the single subroutine reconr public; all the
internal routines and data structures of the module are protected. The modules
also help to promote logical structuring. For example, all of the routines and
data structures for working with the ENDF formats, such as subroutine contio
and the math,mfh,mth values are made public by the endf module, and they
can be easily accessed wherever they are need by the use endf statement. As
another example, the very large ACER module is made more structured by
providing subsidiary modules for handling each of the different “classes” of the
ACE format (e.g. acefc for continuous class “c” data, or acepn for the new
class “u” photonuclear data).

The advanced capabilities that Fortran-90 provides for typing variables (the
“kind” property) have enabled us to remove all of the complex short-word /long-
word controls from NJOY. Almost all of the internal data in NJOY are handled
using 8-byte kinds for real and integer words. These properties are set up in
the locale module, and they can be changed, if necessary, without touching
the balance of the code. An exception is made for the CCCC modules CCCCR,
MATXSR, and RESXSR, where 4-byte variables and equivalencing are still used
to construct records with mixed real, integer, and Hollerith values.

Fortran-90 also provides a capability for the dynamic allocation of memory
for data structures. In the past, NJOY used its own storag system for this pur-
pose; this system has now been abandoned for the readability, consistency, and
exportability provided by the new Fortran standard. We have limited ourselves
to the use of “allocatable arrays”. This relieves us of some storage limitations
in NJOY, and introduces others.

The earliest versions of NJOY used their own free-form input routine, FREE,
which was developed long before Fortran supported equivalent capabilities. More
recently we have abandoned FREE in favor of the standard Fortran READ*
method. In doing this, we have lost some capabilities (such as the repeat field),
but we have gained in transportability. Test fields that were previously delimited

with the star character now must be delimited with the single-quote character.
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For consistency and convenience, the NJOY modules in previous versions of
the code made use of a set of common functions and subroutines located in the
NJOY module. For NJOY2012, these utility routines have been repackaged into
Fortran-90 modules. They include locale for localization variables, physics for
physics constants, mainio for input, output, and scratch units, util for utility
routines like time and date, endf for ENDF processing routines and variables,
and math for mathematics routines. Fach of these modules only makes public
the minimum set of routines and variables needed by the other modules that
“use” them. These modules are described in detail in the NJOY chapter of this
report.

NJOY is heavily commented. Each module starts with a long block of com-
ment cards that gives a brief description of the module and then gives the current
user input instructions. Users should always check the input instructions in the
current version of the NJOY source code rather than the instructions summa-
rized in this manual — changes may have been made. For the convenience of
users, the input instructions are also available on the web[19]. Furthermore,
each function or subroutine starts with a block of comment cards that describes
its function and special requirements. Additional lines of comment cards are
used inside each procedure to block off its major components.

Typography conventions for Fortran differ from place to place. On most
machines at Los Alamos National Laboratory (LANL), Fortran text is given in
lowercase. In order to avoid translation problems, previous versions of NJOY
avoided using mixed-case text for comments or for labels on graphs. We are
gradually moving away from this limiting convention. In this report, Fortran
text and variable names are printed using a lowercase typewriter font. ENDF-
related formats and variables are given using an uppercase TYPEWRITER FONT.
CCCC formats were traditionally given using uppercase characters, but the

usage in this report is mixed.

1.4 History and Acknowledgments

NJOY was started as a successor to MINX[20] (A Multigroup Interpretation
of Nuclear X-sections) late in 1973 (it was called MINX-II then). The current
name was chosen in late 1974 to be evocative of “MINX plus” and to eliminate
the reference to “multigroup.” The first goals were to add a photon production
capability like that in LAPHANO[21], to add a photon interaction capability like
GAMLEG]I22], to provide an easy link to the Los Alamos 30-group libraries of
the day using DTF[23] format, and to merge in the capabilities of ETOPL[24] to
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produce libraries for the MCN Monte Carlo code (the ancestor of MCNP). Most
of the work was done by MacFarlane; Rosemary Boicourt joined the project in
1975. First, the RESEND|[25] and SIGMA1[26] modules of MINX were con-
verted to use union grids, and a new method of resonance reconstruction was
developed. These steps led to RECONR and BROADR. UNRESR, which was
based on methods from ETOX]27], was moved over from MINX with only a few
changes. Next, a completely new multigroup averaging program, GROUPR, was
developed around the unifying concept of the “feed function,” which handled
neutron- and photon-production cross sections in a parallel manner. The CM
Gaussian integration for discrete two-body scattering was developed. DTFR was
developed as the first NJOY output module. The first versions of the NJOY
utility codes were introduced; the new concepts of “structured programming”
inspired some of the features of the new NJOY code.

Major influences during this period included Don Harris, Raphe LaBauve,
Bob Seamon, and Pat Soran at Los Alamos, and Chuck Weisbin at the Oak Ridge
National Laboratory (ORNL). Odelli Ozer at the Brookhaven National Labo-
ratory (and later EPRI) helped with RESEND, and Red Cullen at Lawrence
Livermore National Laboratory and John Hancock at Los Alamos helped with
the Doppler broadening module. In those days, the development of NJOY was
supported by the U.S. Fast Breeder Reactor and Weapons Programs.

Code development continued during 1975. The ERRORR module was added
for calculating covariances from ENDF/B files. The ACER module was created
by borrowing heavily from ETOPL and Chuck Forrest’s MCPOINT code. Rich
Barrett joined the project, and he did most of the work in creating a new CCCCR
module for NJOY that had several advances over the MINX version and met
the CCCC-III standards[28]. By the end of the year, HEATR had also been
added to the code (with ideas from Doug Muir). HEATR gave NJOY most of
the capabilities of the original KERMA factor code, MACK [29].

During 1976, free-form input and dynamic data storage were added to NJOY.
GAMINR was written to complete the original NJOY goal of processing photon
interaction cross sections, and the MATXSR module was designed and written,
primarily by Rich Barrett. This completed the capability to construct fully cou-
pled cross sections for neutron-photon heating problems. A major new effort was
writing the THERMR module to improve upon the thermal moderator scatter-
ing cross sections then produced using the FLANGE-II[30] and HEXSCAT31]
codes, and starting the POWR module to produce cross sections for the EPRI-
CELL and EPRI-CPM codes used by the U.S. electric utility companies. This
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work was funded by the Electric Power Research Institute (EPRI).

The first release of NJOY to what was then called the Radiation Shielding
Information Center (RSIC) at Oak Ridge and to the National Energy Software
Center (NESC) at Argonne was NJOY77 in the summer of 1977. This ver-
sion was tested and converted for IBM machines by R. Q. Wright (ORNL).
Also, TRANSX was developed during 1977, the MATXS1 30x12 library was
produced based on ENDF/B-1V, the flux calculator was added to NJOY to sup-
port the EPRI library work, and the first version of the EPRI-CELL library was
generated and used.

A second release of NJOY called NJOY78 was made in 1978[32]. In addi-
tion, further improvements were made for preparing EPRI cross sections, the
MATXS/TRANSX system was improved, and a thermal capability was added to
the MCNP Monte Carlo code using cross sections from THERMR as processed
by ACER.

In 1979, the radiation damage calculation was added to HEATR, and the
GROUPR flux calculator was further improved. In 1980, a plotting option
was added to ERRORR. During this period, NJOY had become more stable.
Changes usually consisted of small improvements or bug fixes instead of major
new capabilities. Starting in this period, NJOY received some support from
the U.S. Magnetic Fusion Energy Program, mostly for covariance work and
TRANSX related library support.

In 1981 and 1982, improvements included the momentum-conservation method
for radiative capture in HEATR, . Analytic 1x broadening was added to RE-
CONR for some cases, and the integral criteria for resonance reconstruction
with significant-figure control were installed in RECONR. Several new capabil-
ities were added to ERRORR, and the COVR module was added to NJOY to
handle both ERRORR plotting and covariance library output. Much of this
covariance-related work was done by Doug Muir. Wiley Davidson (LANL) and
B.H. Broadhead and R. W. Peele at ORNL were helpful. Some support for the
documentation work came from the Paul Scherer Institute (PSI) in Switzerland
and OECD Nuclear Energy agency during visits to those institutions. In addi-
tion, CCCCR was updated to the CCCC-IV standards. A new release, NJOY
(10/81), was made to the code centers, and the first two volumes of a new NJOY
report were written and published. European users began to make important
contributions about this time. Enrico Sartori of the NEA Data Bank, then at
Saclay in France, Margarete Mattes of the University of Stuttgart in Germany,

and Sandro Pelloni of the Paul Scherer Institute in Switzerland deserve mention.

10 NJOY2012



1 INTRODUCTION LA-UR-12-27079 Rev

Another major release, NJOY 6/83, was made in 1983. By this time, NJOY
was in use in at least 20 laboratories in the United States and around the world.
Small improvements continued, such as the kinematic KERMA calculation in
HEATR. The temperature dependence of the BROADR energy grid was intro-
duced early in 1984 based on an observation by Ganesan (India). Volume IV of
the NJOY report was published in 1985, and Volume III appeared in 1987.

The next big set of improvements in NJOY was associated with the intro-
duction of the ENDF-6 format. This required significant changes in RECONR
to support new resonance formats like Reich-Moore and Hybrid R-Function
(implemented withv help from Charlie Dunford of Brookhaven), in HEATR to
implement direct calculations of KERMA and damage from charged-particle and
recoil distributions in File 6, in THERMR to support new formats for File 7,
and in GROUPR to support the group-to-group transfer matrices using energy-
angle data from File 6. The PLOTR module was also developed during this
period. The result was the release of NJOY89[33] in time for processing the new
ENDF/B-VI library and the JEF-2 library (which was also in ENDF-6 format).

During 1989 and 1990, initial processing of ENDF /B-VI and JEF-2 exposed a
number of small problems that had to be fixed. In addition, the ACER module
was rewritten to clean it up, to add capabilities to produce ACE dosimetry
and photoatomic libraries, and to provide for convenient generation of files in
several different formats for users away from LANL. A MIXR module was added
to NJOY, mostly to allow elemental cross sections to be reconstructed from
ENDF/B-VI isotopes for plotting purposes. A new technique was introduced
into GROUPR and all the output modules for multigroup data that provided for
more efficient processing of fission and photon production matrices with lots of
low-energy groups. Major revisions were made to the MATXS format to allow for
charged-particle cross sections, to pack matrices with lots of low-energy groups
more efficiently, and to make inserting and extracting new materials easier. The
WIMSR module, which had been under development for a number of years
in cooperation with WIMS users in Canada and Mexico, was introduced into
NJOY. Finally, the PURR module for generating unresolved-region probability
tables for use with MCNP, which had also been under development for many
years, was formally added to the code. The result of this year-and-a-half of work
was NJOY91.

During the balance of 1991 and 1992, a number of changes were made in
response to problems identified by users as ENDF-6 evaluations began to be

used in earnest. The first of a number of attempts to handle laboratory-frame
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Legendre data in File 6 in MCNP was made — namely, the attempt to convert
such sections to use Kalbach systematics. Treatments for phase-space and angle-
energy versions of File 6 were added in 1993, as well as improvements in WIMSR
(with contributions of Fortunato Aguilar, ININ, Mexico). Plotting was added
for S(a, 8) curves from ENDF-6 File 7 and for 2-D and 3-D plots from GENDF
data. HEATR was modified to include incident-energy effects on the fission
Q values in 1993. In 1994, we made another attempt to handle the cases of
File 6 using laboratory-frame Legendre expansions for MCNP by converting
them into the LAW=7 angle-energy format. A fix to the Kalbach option for
energy-angle distributions was made based on work by Bob Seamon (LANL).
Also, work was done in HEATR to properly handle the damage energy cutoff
at low energies. Quite a bit of work was done during this period to improve the
portability of the code by installing it on a variety of systems and using codes like
cflint. Other people providing suggestions during this period included Margarete
Mattes (Stuttgart), Piet De Leege (Delft), John White (RSIC), and the Petten
users. The final version of the NJOY91 series was 91.118 in November 1994, and
it was able to process all of the ENDF/B-VI evaluations that had been tried
up to that date. A new user manual for NJOY91[3] was released in 1994. This
document has remained as the primary reference for NJOY until the release of
this report.

NJOY94 was issued at the end of 1994 to clean up 91.118 after 3 years of
changes. It also provided a new direct-to-Postscript plotting system by splitting
the old PLOTR module into PLOTR and VIEWR, an updated version of the
PURR module, and a new LEAPR module for computing thermal scattering
functions. In 1995, a new capability was added to handle nuclide production
based on a proposed extension to the ENDF-6 File 8, and the new GASPR
module was added to handle gas production. Early in 1996, a capability to
pass damage cross sections into MCNP was added. A number of changes were
made based on suggestions from users, and based on processing experience with
the new 150-MeV evaluations becoming available during this period. A change
in the erfc function was made to improve the consistency of 1/v cross sections
(problem observed by Cecil Lubitz, KAPL). Late in the year, the plotting sys-
tem was upgraded to promote color Postscript plotting. In mid 1997, a large
update to the WIMSR, module was made based on the work of Andrej Trkov
(Slovenia). Problems with calculational accuracy (especially for BROADR) led
to a major upgrade of the math routines. Routines from the SLATEC library
were adopted and converted to NJOY style. A new capability was added to
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BROADR to compute and display some standard thermal quantities, such as
thermal cross sections, g factors, and ratio integrals (o, K1). After some addi-
tional bug patches and portability improvements, the NJOY94 series was con-
cluded with the issuance of 94.105 in July of 1997.

NJOY 97.0 was released in October of 1997. The major change was to move
to using 8-byte words throughout the code. Modern resonance evaluations push
the limit of 6 significant figures available using 32-bit words, and obtaining
consistency between people using 32-bit machines and people on 64-bit machines
was becoming more and more desirable. Many changes were associated with
this, including taking great care with all literal constants in the code, removing
Hollerith constants, changing from the FREE input routine to a more standard
READ* method, and developing the techniques to use either 7-digits or 9-digits
in resonance grids, as needed. SAVE statements were added to support stack-
based compilers. The code now automatically determined the version of ENDF
data on the input files, which changed the input a little. Finally, some steps
were made to remove statement numbers and move part way to Fortran-90 style
without abandoning Fortran-77 compatibility.

A number of changes were made during 1998 to cement the features of the
new version. The first new capability added was new conditional probabilities
in PURR for heating. This feature requires running HEATR with partial cross
sections for elastic, fission, and capture. Corresponding changes were also made
in ACER. The tolerances in RECONR, and BROADR were modified to use a
tighter tolerance in the thermal range to help preserve the 0.0253-eV cross sec-
tion and other thermal parameters better (Lubitz). Piet DeLeege (Delft), Sandro
Pelloni (PSI), and Andrej Trkov (IJS/Slovenia) were helpful in finding problems
during this period. A large number of changes were made based on issues raised
by testing the code with the ftnchek program. These help for portability be-
tween different computer systems. This work was motivated after Giancarlo
Panini (Italy) questioned small differences seen using different compilers. Early
in 1999, the method for setting the damage threshold in HEATR was revised.
An internal table of default values was provided, and a new option to allows the
user to enter a value for E; was added. This change affects the damage near the
threshold for elastic displacements. John White (RSIC) helped with this. Based
on some code comparisons, Nancy Larson (ORNL) promoted updating the basic
constants in the various codes to enhance compatibility, and we followed suit in
NJOY. More work was done to enhance activation processing and to provide an

automatic loop over all the production reactions for GROUPR. Finally, a new
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option to properly handle channel spin in Reich-Moore resonance evaluations
was added using code contributed by ORNL. The NJOY97 series was frozen in
September of 2000.

During the last part of the life of NJOY97, we also had NJOY99 available
(dated 31 December 1999). It is a cleaned up version of NJOY97 that moves
further toward using block constructs and eliminating statement numbers (but
lots of statement numbers are still left). It is compatible with both Fortran-77
and Fortran-90 compilers. Physical constants were moved into a few common
blocks and standardized on the 1987 CODATA values from NIST. The NJOY
Y2K problem was fixed. The bulk of the changes are in the ACER module
to support new MCNP features, including high-energy data, incident charged
particles, and photonuclear data. Before release, this version was tested for
a large number of different machine/compiler combinations, including tests on
X86 PCs. Compeatibility has improved to the point where the unix diff function
can be used to compare files and only a small number of very small differences
are found. This version was able to process all the materials from ENDF/B-
VI Release 5 into a library using the new ACE formats (cumulative elastic
distributions, LAW=61, and charged-particle production sections) that were
planned to come out with MCNP4c.

We began making patches to NJOY99 in the spring of 2000, starting with
fixing a problem with the cold hydrogen and deuterium calculations in LEAPR.
This was followed by a number of other small patches. A capability was added
for processing anisotropic charged particle emission in ACER. In 2001 the series
of MT numbers from 875 — 891 was installed to represent levels in the (n,2n)
reaction (needed for a new European Be evaluation). We added a capability
to include delayed neutron data in the ACE files to feed a new capability in
MCNP. A photonuclear capability was added to MATXSR — this enables the
TRANSX code to generate fully coupled sets for n-v transport. Some coding
was added to generate fluorescence data for MCNP using the existing format
with new numbers coming from the ENDF/B-VI atomic data. This work does
not completely support all the atomic data now available in ENDF /B-VI. The
ACER consistency checks were upgraded to include delayed neutrons, and plots
for v and the delayed neutron spectra were added. In addition, delayed neu-
tron processing was generalized to allow for 8 time bins as used by the JEFF
evaluations.

PLOTR was modified to allow ratio and difference plots using the right-hand
scale. The default tolerances used in RECONR and BROADR were tightened
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up a bit. Some changes to the heating for photoatomic data were provided by
Morgan White (LANL). A change was made to HEATR to provide the photon
contribution to heating using a special MT number (442). When passed to
MCNP, it allows the code to get good answers for heating even when photons are
not being transported. Late in 2002, LEAPR was updated to include coherent
elastic scattering for FCC and BCC crystalline lattices. In 2004, some extensions
to the energy grid used for incoherent inelastic scattering were made. A few
additional smaller patches were also made during this period.

In 2005, changes proposed for THERMR and LEAPR by Margarete Mattes
(IKE/ Stuttgart) to support the new IAEA-sponsored evaluations for thermal
scattering in water, heavy water, and ZrH were installed. Some additional group
structures used in Europe were added. Through this period, we were always in-
creasing the storage space allowed as we adapted to newer and larger evaluations
coming out for ENDF/B-VII. During the summer, a number of changes to co-
variance processing were provided by Andrej Trkov (working at TAEA). Early in
2006, a new sampling scheme for thermal scattering was developed for MCNP
that uses continuous distributions for secondary energy instead of the previous
discrete values. This removed unsightly artifacts in computed fluxes at low en-
ergies, and it alleviated some problems that the cold-neutron-source people were
having. More code improvements were made based on detailed compiler check-
ing. Some errors in the treatment of energy-dependent fission ( were fixed based
on a review of the work of Dave Madland (LANL). An approximate treatment
for the relativistic gamma in the ENDF/B-VII evaluation for n+'H was added
in HEATR and GROUPR based on theoretical work from Gerry Hale (LANL).
We added a new plot to the ACER set that shows the recoil part of the heating.
This is a sensitive test of energy-balance.

In the summer of 2007, we added some smoothing options to make the
low-energy shape of neutron distributions look more like the theoretical shape,
namely sqrt(E’). Similar changes were provided for delayed neutron spectra.
Additional smoothing was provided for some of the fission spectra at energies
above 10 MeV using an exponential shape. A change was made in GROUPR to
override Cartesian interpolation in favor of unit-base interpolation for scattering
distributions. This gives smoother scattering source functions and is consistent
with what MCNP does.

In 2007, a big change was made to covariance processing by replacing the
original NJOY ERRORR module with ERRORJ[34] as contributed to the NJOY
project by Japan (Go Chiba). This new module added covariance capabilities
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for the more modern resolved-resonance representations, angular distributions,
and secondary-energy distributions. A series of additional changes to the new
ERRORR were made over the next couple of years. Go Chiba, Andrej Trkov
(IAEA and 1JS Slovenia), and Ramon Arcilla (BNL) were involved in this. A
capability to handle energy-dependent scattering radius data in the unresolved
range was added. In 2008, ERRORJ work continued. Some work was done in
PLOTR to implement graphs of GROUPR emission spectra. In 2009, changes
were made for unresolved resonance cross sections to force log-log interpolation
to better represent 1/v cross sections. The parameter that looked for steps
in the unresolved-range energy grids that were too large was changed from its
former value of 3 to 1.26. Some of the steps in ENDF /B-VII are unreasonably
large when representing 1/v cross sections. The default energy grid used in
the unresolved range was upgraded to one using about 13 points per decade.
Additional pages were added to the ACER plots to display the unresolved-range
self-shielded cross sections. This work was influenced by Red Cullen (LLNL).
In a related effort, some changes were made in the binning logic for PURR to
improve unresolved-range results. In 2010, changes were made to support the
processing of the IRDF international dosimetry file, including the addition of
many new reaction MT numbers. Some work was done on the photonuclear
options to support the TENDL-2009 library. More ERRORR changes from
Trkov were implemented, and a capability to process the uncertainty in the
scattering radius was added. Finally, several updates were submitted by the
Japan Atomic Energy Agency (JAEA) related to processing discrete photon
data from file 6 into ACE files. NJOY 99.364 was released in February of 2011.

Concurrent with the maintenance of NJOY99, we worked on a new Fortran-
90 version of NJOY that took advantage of the module system, the numerical
precision system, and the dynamic storage system of Fortran-90. This enabled
us to get rid of COMMON statements (always problematic in Fortran) and to
obtain a more readable scheme for allocated storage. Additional work was done
to upgrade to block structures, but some statement numbers still remain. That
new version was called NJOY2010, but was only released to a few in-house
(LANL) users, selected external users at Brookhaven, Oak Ridge and Argonne
National Laboratories plus the Naval Reactors laboratories, Bettis and KAPL in
the United States and to the Atomic Weapons Establishment in the UK. Further
code revisions have lead to the current version, NJOY2012, which is described
in this report. For most applications, NJOY2012 is compatible with NJOY99.

However, there are some new capabilities in NJOY2012 that are not supported
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by NJOY99. We borrowed coding from the SAMMY[35] code (thanks are due
to Nancy Larson, ORNL) to handle the new Reich-Moore-Limited resonance
parameter representation now included in the ENDF-6 format. This coding is
used in RECONR to generate pointwise resonance cross sections and angular
distributions. It is used in ERRORR to generate the sensitivity of resonance
cross sections to the resonance parameters for use in calculating cross section
uncertainties and covariances in the resonance range. In THERMR, we added an
option to construct thermal cross sections using (F, s, E') ordering in addition
to the normal (E, E’, u) ordering. This ordering is convenient for comparing to

experiment, and it is used for thermal sampling in some Monte Carlo codes.
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2 NJOY

The NJOY module of the NJOY system contains the main program for the sys-
tem, which directs the sequence of other modules that makes up the desired cal-
culational path. This section of the report also describes a number of subsidiary
modules containing common data structures, subroutines, and functions for use
in the other modules. This manual describes NJOY version 2012 (or NJOY2012
for short). The differences between this chapter and the corresponding one in
the previous report[3] are related to the conversion to Fortran-90 style; to the
modularization of the NJOY utility routines and common variables; to changes
in free-form input and storage allocation routines; and to the introduction of

the new package of mathematics functions.

2.1 The NJOY Program

The njoy program starts by initializing the page size for blocked-binary ENDF
files, opening the output listing file, and writing the NJOY banner on the output
listing. It then sets up a loop that simply reads a module name and calls the
requested module. The loop continues until the “stop” name is read, and then
NJOY exits. The first card read by any module contains the unit numbers for
the various input and output files. In this way, the output of one module can
be assigned to be the input of another module, thereby linking the modules to
perform the desired processing task. An example of the linking procedure is

given below:

[mount an ENDF file as tape20]
-- Optional comment card (signified by "dash" "dash" "space")
reconr
20 21
[input lines for RECONR]
groupr
20 21 0 22
[input lines for GROUPR]
dtfr
22 23 21
[input lines for DTFR]
stop
[DTF-format lines written on tape23]
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Optional comment cards may only appear at the point in an input deck
where a module name is expected. Multiple comment cards are allowed and
each must start with the three character string “dash” “dash” “space”. An
important feature of a good modular system is that there be a minimum of
interactions between the modules in order to reduce side effects. In the NJOY
system, modules communicate only by means of the input and output units
specified as shown above, and through a limited number of common constants
provided by the subsidiary modules. The common constants used in the NJOY

main program are in the following modules:

version provides the version number string vers, initially “2012.0,” and the
corresponding date vday, initially “ddmmm12,”

locale provides localization information, including the laboratory and machine
strings, initially “our-lab” and “our-mx,”
mainio provides the system unit numbers, nsysi, nsyso, and nsyse,

endf provides the page size for blocked-binary ENDF files, npage. This value
is set in the NJOY main program.

The input instructions for the NJOY module are given as comment cards at the
beginning of the module. They are reproduced here for the convenience of the

user.

I-——input specifications (free format)--——--—-———————————————————————————
|

I card 1 module option
!
! module six character module name, e.g., reconr.

! it is not necessary to use quotes.

! repeat card 1 for each module desired, and

! use the name "stop" to terminate the program.

| See the comments at the start of each module for its specific input

! instructions.

NJOY is usually invoked from a terminal or command window, or from a

script. The standard I/O redirection syntax is used to control the choice of an
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input file:

njoy < testl

Of course, the system messages that normally appear in the terminal or com-
mand window could be redirected to a file by appending something like “ > out1”

to this execution line.

2.2 Interface Files

Another requirement of a good modular system is that the input and output
files be in a common format so that modules can work with each other’s output
in a flexible way. Since NJOY is basically an ENDF processing code, ENDF-
compatible formats were chosen for linking modules together. “Input” and “out-
put” modules can be specified to communicate with other formats (the “outside
world”). In the example above, tape23 is an example of such an external file.
The other tapes” in the example are ENDF-type files, and the sequence shown
is fairly typical. If the user in the example needs data at a higher tempera-
ture, the RECONR point-ENDF, or PENDF, file (tape21) can be run through
BROADR to produce a Doppler-broadened PENDF file for GROUPR. Many
other combinations are possible simply by rearranging the sequence of module
names and changing the unit numbers that link them. These common-format
files also provide for convenient restarts at many points in the calculational se-
quence. For example, if a user is trying to produce pointwise cross sections at
300K, 600K, and 900K and runs out of time while working on 900K, he or she
can save the partially completed PENDF file and restart from 600K. Multigroup
modules use specially constructed groupwise-ENDF formats (GENDF) that are
compatible with the multigroup output modules. A GENDF file from GROUPR
can be saved in the NJOY data library, run through CCCCR to produce one
output format, and then run through MATXSR for another output format.

In NJOY, unit numbers from 20 through 99 are used for storing results or
linking modules, units 10 through 19 are reserved for scratch files, which will be
destroyed after a module has completed its job, and units below 10 are reserved

for the system. Negative unit numbers indicate binary mode.

2The word “tape” will often be used in this report as a synonym for “file”; an actual physical tape is not
implied. This is consistent with ENDF custom, where the phrase “ENDF tape” is traditional. Furthermore,
in most NJOY installations, the actual files on the machine will have names like “tape23.”
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There are special utility routines to open, close, and reposition files. These
routines automatically handle the NJOY conventions on positive or negative unit
numbers, scratch files, and so on. These routines are available as the following

public calls in module util:

openz(lun,new)
Open the unit=abs(lun). If lun>0, use coded (formatted) mode, and if
1un<0, use binary mode. Destroy on close or job termination if 10<1un<20.
If new=1, destroy the file on this unit (if it exists) and open a new file.
closz(lun)
Close the file with unit=abs (lun). Do nothing if 1un=0 or if lun refers to
a scratch file.
repoz(ntape)
Rewind the file with unit=abs(ntape). Do nothing if ntape=0.
skiprz(lun,nrec)

Skip nrec records forward or backwards. Caution: Some systems have a
call for this option; others can use loops of backspace and dummy reads as
given in the NJOY code. Both these operations work well for systems that
use “linked-list” data structures for I/O files. On some systems, however,
backspace is implemented as a rewind followed by forward dummy reads
to the desired location. In such cases (for example, VAX), skiprz must be
recoded to avoid calling backspace repeatedly. This caution is somewhat
moot for current operating systems.

2.3 Free Format Input

Free-form input is handled by the standard Fortran-90 READ* method. Pre-
vious versions of NJOY used a special routine FREE for free-form input. This
routine was developed before free-form input was routinely available in Fortran,
but it has now been retired. Some capabilities that were provided by FREE,
such as repeat fields, are no longer supported using READ*. Basically, users
can type in their input quantities separated by spaces. Lines can be terminated
early with the slash (/) symbol, leaving any variables not provided at their
default values. Text values consisting of single words can be entered without
delimiters, but more complex strings containing spaces must be delimited using
the single-quote character (’). Real numbers can be entered in a variety of forms;
1, 1., 1.e0, and 1e0 should all be equivalent. Examples of NJOY input will be
found throughout this report.
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2.4 ENDF Input-Output

The ENDF format for evaluated nuclear data is well documented elsewhere,[8]
but for the convenience of the reader, some features of the format will be de-
scribed here.

ENDF “tapes” are subdivided internally into “materials” (MAT), “files”
(MF), and “sections” (MT). A MAT contains all data for a particular evalu-
ation for an element or isotope (for example, MAT=825 is an evaluation for 6O
in ENDF/B-VII). A file contains a particular type of data for that MAT: MF=3
is cross-section wersus energy data; MF=15 contains secondary photon energy
distributions. A section refers to a particular reaction [for example, MT=2 is
elastic scattering and MT=107 is the (n,«) reaction]. Every record contains
the current MAT, MF and MT values. Two materials are separated by a record
with MAT=0 (the material-end or MEND record). Two files are separated by a
record with MF=0 (the file-end or FEND record). Two sections are separated
by a record with MT=0 (the section-end or SEND record). Finally, the tape is
terminated with a record with MAT = —1 (tape-end or TEND record).

NJOY has a set of utility subroutines for locating desired positions on an
ENDF tape. They are located in module endf, and they can be made available

to any other module with the statement “use endf.”

findf (mat,mf ,mt,nin)
Search nin backward or forward for the first record with this MAT, MF,
MT. Issue a fatal error message if the record is not found.

tosend(nin,nout,nscr,a)
tofend(nin,nout,nscr,a)
tomend (nin,nout,nscr,a)

totend(nin,nout,nscr,a)

Skip forward past the next SEND, FEND, MEND, or TEND card on NIN.
If nout and/or nscr are nonzero, copy the records. Input and output files
must be in the same mode.

The data on an ENDF tape are written in eight different kinds of “struc-
tures”, each of which has a binary and a formatted form. In modern systems,
formatted data is normally coded in ASCII. The words “coded,” “formatted”,
and “ASCII” will often be used interchangeably here). The structures are:
(1) TAPEID, a character-string title for the tape; (2) CONT, a control record
(includes SEND, FEND, MEND, and TEND); (3) LIST, a list of data items;
(4) HOLL, a list of character-string words (what used to be called Hollerith
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data); (5) TABI, a one-dimensional tabulation of data pairs; (6) TAB2, a two-
dimensional tabulation control record; (7) INTG, a special structure of integer
fields used for encoding correlation data, and (8) DICT, a directory or index (it
used to be called the “dictionary”) to the sections found in the MAT. It should
be noted that HOLL is a special case of LIST and DICT is a special case of
CONT.

In binary mode, each structure is written as a single logical record as follows:

TAPEID [MAT,MF,MT/A(I),I=1,17] *
where MAT=tape number, MF=MT=0, and the character data are 16A4,A2;
CONT [MAT ,MF,MT/C1,C2,L1,L2,N1,N2]
LIST[MAT,MF,MT/C1,C2,L1,L2,N1,N2/A(I),I=1,N1]
HOLL [MAT,MF,MT/C1,C2,L1,L2,N1,N2/A(I) ,I=1,N1]
where MF=1, MT=451, and each line of Hollerith characters is stored in A as
16A4,A2;
TAB1[MAT,MF,MT/C1,C2,L1,L2,N1,N2/NBT(I),JNT(I),I=1,N1
/X(I),Y(I),I=1,N2] where NBT and JNT are the interpolation table and
Y (X) is the one-dimensional tabulation;
TAB2 [MAT,MF,MT/C1,C2,L1,L2,N1,N2/NBT (L) , INT(I) ,I=1,N1]

where the interpolation table is to be used to control a series of N2 LIST
or TABI1 structures that follow;

INTGIO[MAT,MF,MT/A(I),I=1,NW]
where each line of the array can contain 18 I3 integers, 13 14 integers, 11
I5 integers, 9 16 integers, or 8 I7 integers. The specific format is governed
by the value of L1 from the CONT record immediately preceding this data
structure.

DICT[MAT MF,MT/0.,0.,MFS,MTS,NCS,M0ODS]

where there is a record for each section in the material (MFS, MTS) giving
the card count (NCS) for that section. For ENDF/B-V, MODS indicates the
revision number for that section.

The ENDF format manual[8] explains how these structures are combined to
represent various physical quantities.

In formatted mode, each structure is broken up into many card images, each
containing 6 data words, followed by MAT, MF, MT, and a line sequence num-
ber. There is no intrinsic limit to the length of a data structure written in

coded form because a program reading the data can normally be coded to use

3In ENDF/B manuals, the slash is used as a logical divider. Replace it with a comma and add parentheses
when constructing a FORTRAN I/0 list.
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the data in “pages” of reasonable size. The MINX code[20] (the predecessor of
NJOY) was forced to use coded formats to handle the large tabulations found on
PENDF tapes. Analysis showed that this code used large amounts of its running
time coding and decoding number formats. In order to eliminate this waste, a
blocked binary format was developed for the ENDF data structures. A structure
is divided up into several logical records of intermediate length (typically about

300 words), each having the following form:

[MAT,MF,MT,NB,NW/A(I),I=1,NW]

where NB is the number of words remaining in the data structure (the last record
has NB=0). This type of record is compatible with the official ENDF binary
record, but is also adaptable to paging methods. The page size can be chosen
to optimize input/output rates for a particular computer system.

A set of utility subroutines has been devised to handle both blocked-binary
and paged-BCD input and output. They are also provided by module endf.

contio(nin,nout,nscr,a,nb,nw)
Read/write a control record from/to a (nb=0, nw=6). contio uses asend,
amend, etc. for END cards.
listio(nin,nout,nscr,a,nb,nw)
Read/write the first record or page of a list record from/to a. If nb is not
zero, continue with moreio, as shown in Examples 1 and 2 that follow.
tablio(nin,nout,nscr,a,nb,nw)
Read/write the first record or page of a TAB1 structure. If nb is not zero,
use moreio.
tab2io(nin,nout,nscr,a,nb,nw)
Read/write a TAB2 structure (nb=0).
moreio(nin,nout,nscr,a,nb,nw)
Read/write continuation records or pages from/to the array a. Returns
nb=0 after processing the last record or page.
tpidio(nin,nout,nscr,a,nb,nw)
Read/write the character-string tape identification record from/to array a
(nb=0, nw=17).
hdatio(nin,nout,nscr,a,nb,nw)
Read /write the first record or page of the character descriptive data (MF=1,

MT=451) from/to a, taking account of the 16A4,A2 format needed in
ASCII mode. If nb is not zero, use moreio.
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intgio(nin,nout,nscr,a,nb,nw)
Read/write an INTG record.

dictio(nin,nout,nscr,a,nb,nw)
Read/write the entire material directory from/to a. On entry, nw is the
number of entries in the dictionary. moreio is not used.

asend(nout,ncr)
afend (nout,nscr)
amend (nout ,nscr)

atend (nout,nscr)
Write a section (MT=0), file (MF=MT=0), material (MAT=MF=MT=0)
or tape (MAT=-1, MF=MT=0) “end” record on the desired units.

In these calling sequences, the unit numbers can be positive, negative, or
zero. Positive numbers mean ASCII mode, negative numbers mean blocked-
binary mode, and zero means the file corresponding to this position in the calling
sequence is not used. All of these routines use the following variables made public

by module endf:
clh,c2h,11h,12h,n1h,n2h,math,mfh,mth,nsh,nsp,nsc

where cih corresponds to the ENDF C1 field, and so on. The variable nsh is
the sequence number for nin, nsp is the sequence number for nout, and nsc is
the sequence number for nscr. Two examples may help to make clear the use

of these routines.

Example 1. Read All Data

loc=1
call tablio(nin,0,0,a(loc) ,nb,nw)
loc=loc+nw
do while (nb.ne.0)
call moreio(nin,0,0,a(loc) ,nb,nw)
loc=loc+nw
enddo

(process data in A)
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Example 2. Paging

call tablio(nin,0,0,a(1),nb,nw)

110 (process this page of data in A)
if (nb.eq.0) go to 120

call moreio(nin,0,0,a(1),nb,nw)

go to 110

120 continue

When nin is BCD, paging is automatic. Positive and negative unit numbers can

be mixed in tpidio, contio, listio, etc., when mode conversion is desired.

2.5 Buffered Binary Scratch Storage

During the execution of a program, large amounts of data often need to be
stored in mass storage temporarily. In order to make such scratch storage as
efficient as possible, NJOY includes a pair of utility subroutines in module util

that automatically buffer such data through fast memory to disk.

loada(i,a,na,ntape,buf ,nbuf)

finda(i,a,na,ntape,buf ,nbuf)
Load or find data in a buffered binary scratch file. Here i is the data point
number (i must increase, except i=1 causes a rewind and i<0 flushes the
fast memory buffer to mass storage), The array a contains data to be stored
or provides a destination for data to be read, na is the number of words
to be transmitted (must be the same for all i), ntape is the logical unit
number of the disk file, buf is the fast memory buffer array, and nbuf is
the length of the buffer array.

When a point is to be saved, loada stores it in buf. When buf becomes
full, it is automatically dumped to disk. When a point is to be retrieved, finda
checks to see whether the desired point is in buf. If not, it reads through the
disk until the desired point is in memory. It then returns the desired point.
When na is small with respect to nbuf, using loada/finda reduces the number
of 1/O operations dramatically. Sometimes it is necessary to find a particular

part of the buffered data. In such cases, use

scana(e,ip,np,na,ntape,buf,nbuf)
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where e is a value for the first of the na words, and ip points to part of the data

whose first word is either equal to e or is the first value less than e.

2.6 Dynamic Storage Allocation

Previous versions of NJOY used an internal package called storag for dynamic
memory allocation. NJOY2012 uses the standard Fortran-90 storage allocation
mechanism. The only feature used is the “allocatable array.” When needed,
an array is allocated that will contain a defined number of values. The array
can be deallocated when no longer needed, and it will disappear automatically
when the scope within which it is defined is exited. This method produces more
transparent code than the old storag package, because pointers into a single

container array are not needed.

2.7 ENDF/B Utility Routines

There are several operations performed on ENDF /B data that are needed in so

many other modules that it is practical to put them into the endf module.

terpl(xl,yl,x2,y2,x,y,1)
Interpolate for y(x) between y;(z1) and ya(z2) using the ENDF interpo-
lation law i (i=1 means y=y;, i=2 means y is linear in x, i=3 means
y is linear in In(x), i=4 means In(y) is linear in z, i=5 means In(y) is
linear in In(x)), and i=6 means to interpolate using the charged-particle
penetrability with a kinematic threshold of thr6.

terpa(y,x,xnext,idis,a,ip,ir)
Interpolate for y(x) in the TAB1 structure in array a. The routine searches
for the correct interpolation range starting from ip and ir (initialize to 2
and 1 for first call). It returns xnext, the next x value in the tabulation.
idis is set to 1 if there is a discontinuity at xnext; it is zero otherwise).

getyl(x,xnext,idis,yl,itape,a)

gety2(x,xnext,idis,yl,itape,a)
Find y(z) in a TABI1 structure starting at the current location on itape
by paging the data through array a. getyl and gety2 are identical for
occasions when two different tapes are being searched at the same time.

xnext and idis behave as in terpa. The array a must be at least npage+50

words in length. These routines are normally used to retrieve cross sections
from MF=3.
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gral(xl,yl,xh,yh,x1,x2,1)
This function returns the integral from z1 to x9 of an ENDF function with
interpolation law i (see terpl). x1, yl, xh, and yh are the low and high
limits of the interpolation panel.

intega(f,x1,x2,a,ip,ir)
Integrate the TAB1 function stored in a from z; to xs. The routine auto-
matically determines the correct interpolation law for each panel or fraction
of a panel and uses gral to compute each part of the integral. Set ip=2
and ir=1 on the first call to intega. In subsequent calls, the previous
values of ip and ir will usually provide a good starting point for searching
in the TAB1 structure.

2.8 Math Routines

Several mathematics routines are included in the mathm module for use by other
modules. Most of these routines are based on routines from the SLATEC library
converted to NJOY style and Fortran-90.

legndr(x,p,np)
Generate Legendre polynomials Py(x). The ¢ = 0 value is in p(1), the
¢ =1 value in p(2), etc. np is the maximum Legendre order produced, so
the largest index for p is np+1.

el(x)

Compute the first-order exponential integral function Fi(z).
gami (a,x)

Compute the incomplete gamma function 7(a, z).
erfc(x)

Compute the complementary error function erfc(x).

2.9 System-Related Utility Routines

As much as possible, actions that related to system functions have been put into
subroutines or functions in the util module. The I/O routines have already
been discussed. Sometimes these routines might have to be altered for unusual

system environments.

timer (time)
Returns the run time in seconds. The meaning of this number may vary
from system to system. It might be central-processor (CP) time, or at
some installations, it may include other factors, such as I/O time or memory
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charges. This makes it difficult to compare NJOY runs on different systems.
This routine may have to be revised for some systems, because there is no
standard Fortran-90 call.

dater (hdate)
Returns the date as an 8-character string in one of the forms mm/dd/yy
or ddmmyy; for example, 11/15/90 or 03jun91. For the Fortran-90 version
of NJOY, this is handled using the standard date_and_time call.

wclock(htime)
Returns the “wall clock” time. This is the time of day that the NJOY run
started, and it shouldn’t be confused with the elapsed CP time for the run
as returned by timer. The time is represented as an 8-character string in
the form hh:mm:ss; for example, 12:13:47. The user is free to use a 24-hour
convention for time. The standard date_and_time call is used to retrieve
the information from the system.

sigfig(x,ndig,idig)
Because of the many comparisons and searches that it makes, NJOY often
has to match two numbers that are different only in the few least significant
bits. This routine is intended to make such numbers exactly equal to each
other by truncating the numbers to a given number of digits and removing
any low-significance junk resulting from nonterminating binary fractions.
The idig parameter can be used to move the result up or down by idig in
the last significant figure. Although this routine was sometimes machine
dependent in previous versions of NJOY, the subroutine now used seems
to work on all systems tried so far.

al0(x,hx)
Converts x to a 10-column format as a string in hx to provide more digits
in some NJOY listings without taking too much space. This allows 4, 5,
or 6 significant figures to be printed where we previously had four. hx has
the forms +1.23456+6, +1.2345-38, or -1.2344-308.

2.10 Error and Warning Messages

NJOY has a pair of standard routines for printing fatal error messages and
warning messages. This helps to enforce consistency in the messages, insulates
other subroutines from the complexities of the system (for example, I/O units,
“console”, “standard error file”), and provides a site for machine-dependent error
handling, including such things as saving “drop files” and generating trace-back

listings. These routines are in module util.

error (from,messl,mess2)

This subroutine should result in a fatal error exit and must be adjusted to
reflect the local system. Special features such as traceback information or
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saving files for later analysis can be performed here. from is a character
string containing the name of the procedure that called error, and mess1
and mess2 are two 60-character strings containing messages describing the
error. mess2 is not printed if it is empty.

mess (from,mess1,mess?2)

This routine is for nonfatal warning messages. from is the routine that
called it. It prints from, mess1, and mess2 (if not empty), and returns to
the calling routine.

The actual error messages produced by functions and subroutines in the NJOY
module and the subsidiary modules util, endf, and mathm are listed below, in-
cluding explanations of the meaning of the errors and suggested steps to alleviate
them.

error in njoy***illegal module name

Check spelling, and check for missing (/) or incorrect item counts in the
preceding module. This error message is generated directly by NJOY in-
stead of using error.

error in openz***illegal unit number
error in closz***illegal unit number

Units less than 10 are reserved for the system.
error in tomend***mode conversion not allowed
error in tofend***mode conversion not allowed

error in tosend***mode conversion not allowed
Input and output units must both be binary or both be BCD. Check the
signs of the unit numbers in the input file.

error in findf***mat---mf---mt---not on tape
Desired section cannot be found. Either the wrong tape was mounted, or
there is a mistake in the input deck.

error in scanax**initial ip ne O
Must be called with ip=0.

error in scanax**did not find energy -—-—-

Energy requested is greater than the highest energy in the LOADA /FINDA
file.

error in gral***xx2 1t x1

The integration interval is bad.

error in elx*x*x is O
Result is not defined.

error in gami***a must be gt zero
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error in gami***x must be gt zero

Illegal parameter values.
error in dlngamx**abs(x) so big dlngam overflows
error in dlngam***x is a negative integer

Illegal parameter values.

message from dlngam---answer 1t half precision...
Just a warning.

error in csevl**x*number if terms le O

error in csevlx**number if terms gt 1000
Won’t happen in NJOY.

error in csevl*x*x outside the interval (-1,1)
Bad parameter value.

error in d9lgit***x should be gt 0 and le a

error in d9lgit***no convergence in 200 terms...

Problems computing Tricomi’s incomplete gamma function.

should not occur.

message from d9lgit---result less than half precisionm...

Just a warning.
error in d9lgmc***x must be ge 10
Bad parameter value.

error in dgamit***x is negative
Bad parameter value.

message from dgamit---result less than half precisionm...

Just a warning.
error in dgamlm***unable to find xmin

error in dgamlm***unable to find xmax

This error

Having trouble finding the minimum and maximum bounds for the argu-

ment in the gamma function.
error in dgammax**x is O
error in dgamma***x is a negative integer
error in dgammax**x so big gamma overflows
Bad parameters for the gamma function.

message from dgamma---answer 1t half precision...
Just a warning.

error in d9gmitx***x should be gt 0

error in d9gmit***no convergence in 200 terms...

Problem’s with Tricomi’s gamma function at small arguments.

error in d9lgic***no convergence in 300 terms...

Problems with the log complementary incomplete gamma function.
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2.11 Coding Details for the NJOY Main Program

The njoy main program of the NJOY code starts with a with a block of comment
cards that gives a short description of the NJOY module and specifications for
the user’s input lines. (The term “card” is used out of respect for the past;
this usage should not be taken to imply that a real card that can be “folded,
spindled, or mutilated” has to be used.) These blocks of comments cards occur
at the beginning of every NJOY module. It is a good idea to check the input
instructions in the comment cards for the current version in order to see whether
there have been any changes from the input instructions reproduced in this
manual.

The first step in the body of the code is to give “use module” statements
for each module that provides a variable or subroutine call to be used here.
There are several common variables used in this module. The vers string and
its associated date string vday from the version module are important parts
of the NJOY Quality Assurance (QA) scheme. They are updated each time a
change is made to the code, and they are always printed on the output listing.
They are also available to other modules to be written in libraries generated
by NJOY or on plots, if desired. The 1ab and mx strings are normally used to
localize NJOY to a particular institution and to tell what machine was used for
an NJOY run when several are available. They are carried in the 1locale module.
The quantity npage in the endf module must be a multiple of 6 (because ENDF
records have 6 fields on a line) and 17 (since Hollerith lines use the format
“16a4,a2”); therefore, a value of 306 was chosen. If a programmer should

desire to use larger pages, the line

npage=(npage/102) *102

assures that the common divisors of 6 and 17 are preserved. The normal unit
numbers for input and terminal output on most systems are nsysi=5 and
nsyse=06, as set in module mainio. We also define an additional unit with
value nsyso="7 to link to a file called “output” for the main NJOY listing. This
file is opened in the main NJOY program.

Next, NJOY writes an “banner” on the output listing file giving the date,
time, version, and so on, for this NJOY run. The program now starts an infinite
loop, reading in module names, and executing the requested module, until the

name “stop” is read.
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Module “locale” This purpose for this module is to provide localization in-
formation for NJOY. Users may find it necessary to change things in this module

for their site, machines, or compilers. The public variables provided are

lab — a string identifying the user’s institution.

mx — a string identifying the machine used, the system, the compiler, or what-
ever.

kr — the kind value for normal real numbers.

k4 — the kind value for 4-byte real numbers and 4-byte integers (mostly for
CCCC records).

k8 — the kind value for 8-byte Hollerith variables in the CCCC formats.

The default value for 1lab is “our-lab,” and it can be changed to reflect the
users site. Up to 8 characters are allowed. The default value for mx is “our-mx.”
At one time, LANL had a system call that would tell which machine out of a
cluster was being used, and this field was used for that. It can also be used to
identify the type of machine (e.g., sun, vax, x86, linux) or the compiler used.

NJOY2012 uses the built-in features of Fortran-90 to control the precision of
the numbers used internally. This allows us to remove the complex short-word
and long-word controls used for the Fortran-77 versions, a great simplification.
The normal internal representation used in NJOY2012 is a high-precision one,
normally implemented using 64-bit reals and the system default for integers
(either 4 or 8 bytes should be OK). The “kind” value to obtain these high-
precision reals is returned using the Fortran-90 selected _real kind function,
and it should be portable. However, k4 and k8 are simply set to the values 4
and 8, respectively. These choices are not standardized by Fortran-90, and the
values given here may have to be adjusted for some systems. Anyway, once a
proper value of kr has been provided, variables, arrays, and constants can be

typed using statements like

real(kr)::za
real (kr) : :elast (20)
real (kr) ,dimension(:),allocatable: :enode

real (kr) ,parameter: :therm=.0253e0_kr

Module “version” This module provides public version and date strings to
any of the other NJOY modules. The initial values are vers=’2012.0° and
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vday=’21dec12’. It is an important part of the NJOY QA procedure to keep

these values up to date as changes are made to the code.

Module “mainio” This module provides public values for the system I/0O
units, namely, nsysi=>), nsyso=7, and nsyse=6. These are the conventional
values for these units, but they may have to be changed in some programming
environments. Note that these have not been made into constants by setting
the “parameter” condition; there are some places where some of these values are

temporarily reset.

Module “physics” Because NJOY is divided into a number of separate mod-
ules, it is important to provide a common set of physical constants to ensure

consistency. These constants are as follows:

pi — a high precision of 15 digits is provided.
bk — Boltzmann’s constant.

amassn — the mass of the neutron in AMU.
amu — the value of the AMU.

hbar — Planck’s constant divided by 27.

ev — the value of the electron volt.

clight — the velocity of light.

These numbers were obtained from the CODATA’89 set as published by the
National Institute of Standards and Technology (NIST). Other NJOY modules
can access these values by including the statement “use physics.” We have
taken pains in NJOY to compute values that can be derived from these standards
from these values rather than multiplying the number of physical constants used

in the program.

Module “util” As outlined above, module util makes the following routines

public:

error — fatal error routine

mess — warning message routine
timer — CPU elapsed time routine
dater — returns a date string

wclock — returns a wall-clock time string
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repoz — repositions a file to the beginning
skiprz — skips records in a file forward and back
openz — opens a new or exiting file

closz — closes a file

loada/finda — a buffered storage system

scana — search in a loada/finda system

sigfig — truncate numbers to a given significance

al0 — print real numbers compactly

There are no private subroutines or variables in this module.

The default versions of error and mess simply write the one or two lines of
message characters to the appropriate units. The Fortran-90 len_trim function
is used to measure the real length of a character string by removing trailing
blanks. By changing nsyse, messages can be directed to the user’s terminal, to
a standard error unit, or left to appear on the output file only. The default fatal
error exit “stop 77” can be sometimes be changed to cause a “traceback” to the
subroutine that called error, and backward through the stack of subroutines
that called it. Also, some systems can cause a drop file or “core” file to be
generated for post-mortem analysis with a debugging program.

Subroutines timer, dater, and wclock provide standard interfaces to system
routines that sometimes have different names and return different kinds of an-
swers on different computer systems. This is less of a problem with Fortran-90
than it was with previous compilers. The date and wall-clock strings are easy to
construct using the standard date_and_time call, which is portable to all sys-
tems. Some system have an analogous cpu_time call, but it is not standard. For
other systems, it is necessary to use machine-dependent calls. Some examples of
implementing this function on various computer systems are included as UPD
machine-dependent idents in the NJOY distribution.

The next four routines in NJOY provide a uniform way of handling input and
output files. The unit numbers obey the following convention: zero means do
nothing, negative means a binary unit, and positive means a coded unit (ASCII
for modern systems.). Unit numbers between 10 and 19 are scratch files, which
will be automatically destroyed at the end of the job. Therefore, repoz simply
takes the absolute value of the unit number and calls rewind if it is nonzero.
Similarly, closz takes the absolute value of the unit number and closes it if
nonzero and not a scratch file. Subroutine skiprz skips forward with dummy
reads of the correct type for the sign of the unit, and it skips backward with

backspace. Note that this can be very inefficient for some systems. For example,
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the VAX executes backspace by first rewinding and then skipping forward by
n—1 records. Making successive calls to backspace, as done in this routine,
would be very expensive. It is better to rewind before calling skiprz; then only
forward skips would be required to get to the desired record. Finally, subroutine
openz is used to open files with the desired characteristics (that is, binary or
formatted, new or old, scratch or permanent). Standard Fortran-90 statements
are used. Note that the file names are constructed to have the forms tape20,
tape21, etc. Scratch files will have whatever names are standard for the system
being used.

The loada/finda system was discussed in Section2.5. The data represen-
tation consists of a fairly large buffer array buf of length nbuf. This buffer
contains a number of component blocks, each of length na. Therefore, it is easy
to compute the location of any block using modular arithmetic on the block
index i. If the location is currently in the buffer array, the block can be read
or written. Otherwise, the associated scratch file ntape must be repositioned
before being read or written. The files ntape have to be written sequentially,
but they can be searched in any order. Subroutine scana takes advantage of
this to locate the block whose first element is closest to the input parameter e.

Subroutine sigfig is used to control the precision of numbers in several
NJOY modules. This is a difficult problem because the true representation of
numbers in the machine is as non-terminating binary fractions. In addition, dif-
ferent representations for floating-point numbers are used in different computer
systems, and significant-figure truncation can be machine-dependent. The ver-
sion of sigfig used in NJOY2012 seems to be very portable.

Subroutine a10 is used to make the printing of real numbers on NJOY output
listings more compact by stripping off excess characters in the exponent field.
It converts the input real number into a 10-character string with the following
forms: +1.23456+4-6, +1.2345-38 and -1.2344308. This subroutine is closely
related to the private subroutine all in the endf module, except for forcing a
10-character field rather than an 11-character field.

Module “endf” As discussed in Section 2.4 of this chapter, NJOY uses files
in ENDF-like formats for most communications between modules. Subroutines
are provided in module endf to work with the various ENDF record types. The

routines that are public for this module are as follows:
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contio — to read or write CONT records

listio — to read or write LIST records

tablio — to read or write TAB1 records

moreio — to read or write continuation records
tab2io — to read or write TAB2 records

tpidio — to read or write TAPEID records

hdatio — to read or write character-string records
intgio — to read or write INTG reconrds

dictio — to read or write “dictionary” records
tosend — to read or write to the next SEND record
tofend — to read or write to the next FEND record
tomend — to read or write to the next MEND record
totend — to read or write to the next TEND record
asend — to write SEND record

afend — to write FEND record

amend — to write MEND record

atend — to write TEND record

In addition, the following data words are public for this module:

clh — ENDF C1 field

c2h — ENDF C2 field

11h — ENDF L1 field

12h — ENDF L2 field

nlh — ENDF N1 field

n2h — ENDF N2 field

math — ENDF MAT field

mf — ENDF MF field

mt — ENDF MT field

nsh — NS card number (input file)
nsp — NS card number (output file)
nsc — NS card number (scratch file)

thr6 — threshold energy for interpolation law 6

There are additional private routines and global variables used inside the mod-

ule.
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Subroutines contio, listio, tablio, tab2io, moreio, tpidio, hdatio,
intgio, and dictio are used to read, write, copy, or convert the mode of binary
or formatted records on these interface files. They all have similar structures.
First, records are read using binary or coded commands, depending on the sign
of the unit number. Then the records are written back out, once again using a
mode that depends on the sign of the unit number. Unit numbers can be zero,
in which case that unit is not used. When these numbers are read, they are
converted into integers for the 11h, 12h, nih, and n2h fields using the Fortran
nearest-integer function, nint. If programmers choose to use a number in the
array a directly, they should be careful to make the same conversion. Private
subroutine lineio is used by several of these routines to read or write a line of
floating-point numbers. It has two special features. First, any empty fields at the
end of a line are filled in with blanks. The second feature is the construction of
floating-point numbers without the normal Fortran “E” using subroutine all.
Private subroutine tablio is used by tablio and tab2io to read and write
ENDF-style interpolation tables. Subroutine hollio is used to read or write
lines of Hollerith information. Note that Hollerith data are represented using
17 fields per card, but all other ENDF data uses 6 fields per card.

Subroutine a1l simply breaks up the real-number x into a fraction part £, a
sign part S, and an exponent part n. The number of digits in the fraction part
depends on the number of digits in the exponent part in order to maximize the
precision of the formatted representation of x. It then constructs a string con-
taining the real number without the normal Fortran “E” and omitting leading
zeros in the exponent. If the number being represented has more significant dig-
its than can be represented with the “E” formats, the subroutine automatically
shifts to an appropriate “F” format (e.g., F11.8, F11.7, —it etc.) depending on
the size of the number. This feature is sometimes needed for the fine texture of
resonance data.

As discussed above, ENDF tapes are divided into materials, files, and sections
by special end cards with names like MEND, FEND, SEND, and TEND. The
subroutines tosend, tofend, tomend, and totend can be used to move from
the current location to one of these end cards, optionally copying the records as
they go. Since these routines do not know the actual structure of the records,
they cannot change the mode of the data while copying. They simply read in a
record, write it out again if desired, and watch for the specified end card.

The parallel set of routines asend, afend, amend, and atend write one of the

requested end cards to one or two different output files using the mode defined
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by the sign of the unit number. The NJOY convention is to use blanks for the
first 66 columns of formatted end cards in order to make them easy to see on
ENDF listings. The tapes as received from the National Nuclear Data Center
(NNDC) of the Brookhaven National Laboratory may have these fields filled
in with numerical values of zero. The MODER module automatically changes
ENDF tapes from the BNL convention to the NJOY one.

Subroutine findf is used very frequently in NJOY modules to search through
an ENDF-type tape for a desired section (mat, mf, mt). Since the three numbers
that describe sections are always arranged in order, it is possible to search both
up and down. On entry, the routine reads the first card and decides if it has
to read up or down to find the desired section. It then continues by reading
records in the proper direction until it comes to the desired section. It then
backs up by one record so that the next read after the call to findf will read
the first record of the desired section. If the desired section is not found, a fatal
error message will be issued. Subroutine findf can go into an infinite loop if
the MAT number requested is smaller than the number for the first material on
the tape (thus findf is moving backwards) and the number in the MAT field
on the tape identification record is larger than the material number for the first
material. Some systems have an “IF (BOI)” function that can be used to detect
when the tape is at the “beginning of information.”

Subroutine terpl is used to interpolate between two points x1,y1 and x2,y2
using ENDF interpolation law i. The results for y at x are given by simple for-
mulas. No tests are made for values that give illegal arguments for the Fortran
log and exponent functions. Therefore, fatal arithmetic errors from terpl are
fairly common. Going slightly out of order, gral is a routine that computes
integrals inside the endpoints of a segment represented using the ENDF inter-
polation laws. Once again, simple formulas are used, and it is also possible to
get arithmetic errors from the log and exponent functions with this routine.

It is usually necessary to interpolate or integrate functions that involve more
than one panel of ENDF interpolated data. Most commonly, this occurs for
data in TAB1 format. If the TAB1 record is small enough so that it can fit into
an array a in memory, subroutine terpa can be used to search for the panel
that contains x, and to interpolate for y at x. Similarly, intega can be used to
compute the integral from x1 to x2 by integrating over all the panels and parts
of panels within these limits. Subroutine terpa uses terpl, and subroutine

intega uses gral.
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NJOY works with some very large TAB1 records that cannot fit into memory.
For these cases, getyl and gety2 can be used to interpolate for y at x. Array
a only has to be big enough for one page of data (plus a little extra space for
parameters like c1h, n2h, and TABI interpolation tables). If the desired x is
not in memory, new pages of data are read from itape until the desired value is
found. The subroutine then uses terpl to compute y. Note that zero is returned
if x is outside the range of the table, and xnext=1.e12 when the last point is
returned. Subroutines getyl and gety2 are almost identical so that numbers

can be retrieved independently from two different input tapes at the same time.

Module “mathm” There are several math routines that are needed in various
NJOY modules that are provided in this module:

legndr — provides Legendre polynomials
el — provides the first-order exponential integral function.
gami — provides the incomplete gamma function.

erfc — provides the complementary error function.

The last three of these were taken from the SLATEC library, which was devel-
oped by the Los Alamos National Laboratory, the Sandia National Laboratory,
and the Stanford Linear Accelerator Laboratory. These routines produce very
high-precision results as compared to other publicly available routines. They
were converted to NJOY conventions and Fortran-90 style for NJOY. This mod-
ule also contains a large number of private routines that are used in the course
of computing the numbers returned by the public routines. Subroutine legndr
is used to compute Legendre polynomials by recursion. The formulas are as

follows:

Py(z) = 1., O
P(z) = =z, @)
Priyy(z) = (20— 1)ng(x)£_ (£ —1)Pprs 7 3

where Fp is stored in p(1), P; is stored in p(2), and so on.
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RECONR

The RECONR module is used to reconstruct resonance cross sections from res-

onance parameters and to reconstruct cross sections from ENDF nonlinear in-
terpolation schemes. The output is written as a pointwise-ENDF (PENDF) file

with

all cross sections on a unionized energy grid suitable for linear interpo-

lation to within a specified tolerance. Redundant reactions (for example, total

inelastic, charged-particle reactions) are reconstructed to be exactly equal to the

sum of their reconstructed and linearized parts at all energies. The resonance

parameters are removed from File 2, and the material directory is corrected to
reflect all changes. RECONR has the following features:

This

been

NJOY2012

Efficient use of dynamic storage allocation and a special stack structure
allow very large problems to be run.

The unionized grid improves the accuracy, usefulness, and ENDF compat-
ibility of the output. All summation cross sections are preserved on the
union grid. Up to nine significant figures are allowed.

A correct directory of the output tape is provided.

Approximate 1y Doppler broadening may be used in some cases to speed
up reconstruction.

A resonance-integral criterion is added to the normal linearization criterion
in order to reduce the number of points added to the tabulation to represent
“unimportant” resonances.

All ENDF-6 resonance formats currently active are handled, including the
calculation of angular distributions from resonance parameters in some
cases.

manual describes RECONR in NJOY 2012.0. The main changes that have

made since the previous report[3] are as follows:

The change to 7 or 9 significant figures with 64-bit precision (which elimi-
nates the ndigit input parameter).

The addition of new ENDF features, including energy-dependent scatter-
ing length, the Reich-Moore channel spin fix, the use of the Reich-Moore-
Limited format, computation of angular distributions, and psi-chi broad-
ening for the Multi-Level Breit-Wigner format.

Expansion of the reaction list to include inelastic levels and charged-particle
reactions in addition to the normal elastic, fission, and capture.

The use of a tighter reconstruction tolerance at thermal energies.

The change to Fortran-90 style and storage allocation.
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3.1 ENDF/B Cross Section Representations

A typical cross section derived from an ENDF /B evaluation is shown in Fig. 1.
The low-energy cross sections are “smooth”. They are described in File 3 (see
Section 2.4 for a review of ENDF/B nomenclature) using cross-section values
given on an energy grid with a specified law for interpolation between the points.
In the resolved resonance range, resonance parameters are given in File 2, and
the cross sections for resonance reactions have to be obtained by adding the
contributions of all the resonances to “backgrounds” from File 3. At still higher
energies comes the unresolved region where explicit resonances are no longer
defined. Instead, the cross section is computed from statistical distributions
of the resonance parameters given in File 2 and backgrounds from File 3 (or
optionally taken directly from File 3 as for smooth cross sections). Finally, at
the highest energies, the smooth File 3 representation is used again.

For light and medium-mass isotopes, the unresolved range is usually omit-
ted. For the lightest isotopes, the resolved range is also omitted, the resonance
cross sections being given directly in the “smooth” format. In addition, several
different resonance representations are supported (Single-Level Breit-Wigner
(SLBW), Multilevel Breit-Wigner (MLBW), Adler-Adler, Hybrid R-Function

o ponl ol vl el el il il il ol

3

10

Cross Section (barns)
10

10

SMOOTH RESOLVED | UNRESOLVED SMOOTH

10°

o 00 0 ¢ 0 0 18 0 0 10 0
Energy (V)

Figure 1: A typical cross section reconstructed from an ENDF/B evaluation using RE-
CONR. The smooth, resolved, and unresolved energy regions use different rep-
resentations of the cross sections. This is the total cross section for 23U from
ENDF/B-V.
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(HRF), Reich-Moore (RM), Reich-Moore-Limited (RML), energy-independent
unresolved, and energy-dependent unresolved). The Adler-Adler and Hybrid
formats are not being used in modern evaluations. For an increasing number of
modern evaluations, the low energy “smooth” region is omitted, and the resolved
resonance region is extended to the low energy limit.

RECONR takes these separate representations and produces a simple cross

section versus energy representation like the one shown in Fig. 1.

3.2 Unionization and Linearization Strategy

Several of the cross sections found in ENDF /B evaluations are summation cross
sections (for example, total, inelastic, sometimes (n,2n) or fission, and sometimes
charged-particle reactions), and it is important that each summation cross sec-
tion be equal to the sum of its parts. However, if the partial cross sections
are represented with nonlinear interpolation schemes, the sum cannot be rep-
resented by any simple interpolation law. A typical case is the sum of elastic
scattering (MT=2 interpolated linearly to represent a constant) and radiative
capture (MT=102 interpolated log-log to represent 1/v). The total cross sec-
tion cannot be represented accurately by either scheme unless the grid points
are very close together. This effect leads to significant balance errors in multi-
group transport codes and to splitting problems in continuous-energy Monte
Carlo codes.

The use of linear-linear interpolation (i.e., o linear in E) can be advantageous
in several ways. The data can be plotted easily, they can be integrated easily,
cross sections can be Doppler broadened efficiently (see BROADR), and, linear
data can be retrieved efficiently in continuous-energy Monte Carlo codes.

Therefore, RECONR puts all cross sections on a single unionized grid suitable
for linear interpolation. As described in more detail below, RECONR, makes one
pass through the ENDF /B material to select the energy grid, and then a second
pass to compute cross sections on this grid. Each cross section on the PENDF
file (except for the summation cross sections) is exactly equal to its ENDF /B
value. The summation cross sections are then obtained by adding up the partial
cross sections at each grid point.

While RECONR is going through the reactions given in the ENDF /B eval-
uation, it also checks the reaction thresholds against the ) value and atomic
weight ratio to the neutron A (AWR in the file) given for the reaction. If

A+1
threshold > Z Q (4)
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is not true, the threshold energy is moved up to satisfy the condition. This
is usually a small change, often only in the least significant digit, and is a
consequence of comparing two REAL numbers of finite precision.

If desired, the unionized grid developed from the ENDF /B file can be supple-
mented with “user grid points” given in the input data. The code automatically
adds the conventional thermal point of 0.0253 eV and the 1, 2, and 5 points in
each decade to the grid if they are not already present. These simple energy grid
points help when comparing materials, and they provide well-controlled starting
points for further subdivision of the energy grid.

There are special problems with choosing the energy grid in the unresolved
range. In some cases, the unresolved cross section is represented using resonance
parameters that are independent of energy. The cross sections are not constant,
however, but have a shape determined by the energy variation of neutron wave
number, penetrability factors, and so on. RECONR handles this case by choos-
ing a set of energies (about 13 per decade) to be used to calculate the cross
sections; the set of energies gives a reasonable approximation to the result in-
tended. For evaluations that use energy-dependent resonance parameters, it is
supposed to be sufficient to compute the unresolved cross sections at the given
energies and to use interpolation on the cross sections to obtain the appropriate
values at other energies. However, some evaluations carried over from earlier
versions of ENDF /B were not evaluated using this convention, and cross sec-
tions computed using cross-section interpolation are not sufficiently accurate.
Even some modern evaluations use inadequate energy grids for the unresolved
range. RECONR detects such cases by looking for large steps between the points
of the given energy grid. It then adds additional energy grid points using the
same 13-per-decade rule used for energy-independent parameters. “Large” is

currently defined by wide to be a factor of 1.26.

3.3 Linearization and Reconstruction Methods

Linearization (lunion) and resonance reconstruction (resxs) both function by
inserting new energy grid points between the points of an original grid using an
“inverted stack”. The general concepts involved are illustrated with a simple
example shown in Fig. 2.

The stack is first primed with two starting values. For linearization, they
will be two adjacent points on the original union grid. For reconstruction, they
will usually be the peaks and half-height energies of resonances. The stack is

said to be inverted because the lower energy is at the “top” (I=2).
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4 N

Cross
section
\ \
energy
1. 12 1
2. 3 12 1
3. 4 \3 \2 1
4. \5\4\3 \2 \1
5. 4,3 12 1
6. 3 12 1
7. \4\3\2 \1
8. \3\2 1
9. 2 1

-

/

Figure 2: Inverted -stack method used in RECONR and several other places in NJOY. Line
1 shows the two initial points (the lower energy is higher in the stack). In line 2, a
new point has been calculated at the midpoint, but the result was not converged,
and the new point has been inserted in the stack. In line 3, the midpoint of the
top panel has been checked again, found to be not converged, and inserted into
the stack. The same thing happens in line 4. In line 5, the top panel is found to be
converged, and the top point (5) has been written out. The same thing happens
in line 6. In line 7, the top panel is tested and found to be not converged. The
midpoint is added to the stack. Finally, in line 8, the top panel is found to be
converged, and the top point is written out. This leaves two points in the stack
(see line 9). Note that the energy points come off the stack in the desired order
of increasing energy, and that only one point has to be moved up in the stack as
each new result is inserted.

NJOY2012 47



LA-UR-12-27079 Rev 3 RECONR

This interval or panel is now divided into two parts, and the cross section
computed at the intermediate point is compared to the result of linear inter-
polation between the adjacent points. If the two values do not agree within
various criteria, the top of the stack is moved up one notch (I=3), and the new
value is inserted (I=2). The code then repeats the checking process for the new
(smaller) interval at the top of the stack. The top of the stack rises until con-
vergence is achieved for the top interval. The top energy and cross section are
then saved on a scratch file, the stack index is decremented, and the checks are
repeated. This process is continued with the top of the stack rising and falling
in response to the complexity of the cross section until the entire panel AE has
been converged (I=1). The stack is then reprimed with the bounds of the next
panel. The process continues until the entire energy range for linearization or
reconstruction has been processed.

This stack logic enables a panel to be subdivided into parts as small as AE /2"
where n is the stack size, and several different cross sections (elastic, capture,
fission) can easily be stored in arrays of this size.

The convergence criterion used for linearization is that the linearized cross
section at the intermediate point is within the fractional tolerance err (or a
small absolute value errlim) of the actual cross section specified by the ENDF
law. More complicated criteria are used for resonance reconstruction.

There are two basic problems that arise if a simple fractional tolerance test
is used to control resonance reconstruction. First, as points are added to the en-
ergy grid, adjacent energy values may become so close that they will be rounded
to the same number when a formatted output file is produced. There can be se-
rious problems if the code continues to add grid points after this limit is reached.
Through the use of dynamic format reconstruction, the energy resolution avail-
able for formatted NJOY output (which used ENDF 11-character fields) is 7
significant figures (that is, £1.234567 + n) rather than the usual 5 or 6 (see
Section 2.4). For NJOY2012, the Fortran-90 “kind” parameter is used to assure
sufficient precision for this. Even this seven significant figure format is some-
times insufficient for very narrow resonances. If necessary, NJOY can go to nine
significant figures by using a Fortran “F” format, e.g., £1234.567809.

Significant-figure control is implemented as follows: each intermediate energy
is first truncated to 7 significant figures before the corresponding cross sections
are computed. If the resulting number is equal to either of the adjacent values
and convergence has not been obtained, subdivision continues using energies

truncated to 9 significant figures. If an energy on this finer grid is equal to
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either of the adjacent values, the interval is declared to be converged even though
convergence has not been achieved. Thus, no identical energies are produced,
but an unpredictable but very small loss in accuracy results.

The second basic problem alluded to above is that a very large number of
resonance grid points arise from straightforward linear reconstruction of the res-
onance cross section of some isotopes. Many of these points come from narrow,
weak, high-energy resonances, which do not need to be treated accurately in
many applications. As an example, the capture and fission resonance integrals
important for thermal reactors must be computed with a 1/E flux weighting. If
the resonance reconstruction tolerance is set high (say 1%) to reduce the cost
of processing, the resonance integrals will be computed to only 1% accuracy.
However, if the reconstruction tolerance were set to a smaller value, like 0.1%,
and if the high-energy resonances (whose importance is reduced by the 1/F
weight and the 1/v trend of the capture and fission cross sections) were treated
with less accuracy than the low-energy resonances, then it is likely that one
could achieve an accuracy much better than 1% with an overall reduction in the
number of points (hence computing cost). Since 1/E weighting is not realistic
in all applications (for example, in fast reactors), user control of this “thinning”
operation must be provided.

Based on these arguments, the following approach was chosen to control the
problem of very large files. First, panels are subdivided until the elastic, capture,
and fission cross sections are converged to within errmax, where errmax > err.
These two tolerances are normally chosen to form a reasonable band, such as 1%
and 0.1%, to ensure that all resonances are treated at least roughly (for example,
for plotting). If the resonance integral (1/E weight) in some panel is large, the
panel is further subdivided to achieve an accuracy of err (say 0.1%). However,
if the contribution to the resonance integral from any one interval gets small,
the interval will be declared converged, and the local value of the cross section
will end up with some intermediate accuracy. The contribution to the error in
the resonance integral should be less than 0.5xAoxAFE. This value is added
into an accumulating estimate of the error, and a count of panels truncated by
the resonance integral check is incremented.

The problem with this test is that RECONR does not know the value of the
resonance integral in advance, so the tolerance parameter errint is not the ac-
tual allowed fractional error in the integral. Instead, it is more like the resonance
integral error per grid point (barns/point). Thus, a choice of errint=err/10000
with err=0.001 would limit the integral error to about 0.001 barn if 10000 points
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resulted from reconstruction. Since important resonance integrals vary from a

few barns to a few hundred barns, this is a reasonable choice. The integral check

can be suppressed by setting errint very small or errmax=err.

When resonance reconstruction is complete, RECONR provides a summary

of the possible resonance integral error due to the integral check over several
coarse energy bands. A example from ENDF/B-VIL0 2*3U follows:

estimated maximum error due to

resonance integral check (errmax,errint)

upper elastic

energy integral
1.00E-05
1.00E-04 3.50E+01
1.00E-03 3.50E+01
1.00E-02 3.50E+01
1.00E-01 3.46E+01
1.00E+00 3.25E+01
2.00E+00 8.95E+00
5.00E+00 1.08E+01
1.00E+01 7 .75E+00
2.00E+01 8.18E+00
5.00E+01 1.07E+01
1.00E+02 8.30E+00
2.00E+02 8.04E+00
5.00E+02 1.10E+01
1.00E+03 8.28E+00
2.00E+03 8.27E+00

points added by
points affected

final number of

percent

error

O O O O O O O O O O © O ©o o o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.001
.008
.033

capture

integral

.15E+03
.57E+03
.02E+02
.15E+02
.03E+01
.31E+00
.25E+01
.40E+01
.92E+01
.57E+01
.07E+01
.17E+00
.81E+00
.44FE+00
.B4E+00

N W O 0 =~ NN NP~ N OO N 00 N

resonance reconstruction

by resonance integral check

resonance points

number of points in final unionized grid

percent

error

O O O O O O O O O O O O o o o

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.008
.080
.261

232418

80445
242170
242600

fission

integral

.29E+04
.36E+04
.24E+03
.26E+03
.26E+02
.62E+01
.56E+01
.52E+01
.31E+01
.83E+01
.34E+01
.42E+01
.51E+01
.62E+00
.06E+00

O N = F N WWwwWwE, N WE e

percent

error

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.004
.038
.185

O O O O O O O O O O © O o o o

The parameters errmax and errint, taken together, should be considered as

adjustment “knobs” that can increase or decrease the errors in the “res-int”

columns to get an appropriate balance between accuracy and economy for a

particular application. The error from significant figure reduction provided by

earlier versions of NJOY is no longer needed.
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For energies in the thermal range (energies less than trange=0.5 eV), the
user’s reconstruction tolerance is divided by a factor of 5 in order to give better
results for several important thermal integrals, especially after Doppler broad-
ening, and to make the 0.0253 eV cross section behave well under Doppler

broadening.

3.4 Resonance Representations

RECONR uses the resonance formulas as implemented in the original RESEND
code[25] with several changes: a more efficient calculation of MLBW cross sec-
tions developed by C. R. Lubitz of the Knolls Atomic Power Laboratory (KAPL)
and coded by P. Rose of the National Nuclear Data Center (NNDC) at the
Brookhaven National Laboratory (BNL), the addition of competitive widths
introduced for ENDF/B-V, a ¢x Doppler-broadening calculation for SLBW
and Adler-Adler resonance shapes, and a capability to process either the multi-
level multi-channel R-matrix Reich-Moore parameters or the multi-level single-
channel Hybrid R-Function parameters based on the work of M. Bhat and C.
Dunford of the NNDC, an implementation of the GH method for MLBW res-
onances, which allows psi-chi broadening, and a capability to process the new
RML parameters, including resolved resonance energy region angular distribu-
tions.

Expanded discussions of the following formulas can be found in the ENDF-6

format manual[8].

Single-Level Breit-Wigner Representation (SLBW) The subroutine that

computes Single-Level Breit-Wigner cross sections (csslbw) uses

on = 0p
+Zzamr{ |:COS 2¢ — (1 - II‘an
[ "
+sin2¢>gx(9,:n)} , (5)

Ly
agf = Zzamrrif Y(0,) , (6)

¢ T

)| v(6.2)

oy = ZZamr%w(ﬁ,x),and (7)
¢ T "

4
oy = Zki;(zﬂ 1)sin 6, , (8)
0
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where o, of, 0, and o, are the neutron (elastic), fission, radiative capture,
and potential scattering components of the cross section arising from the given
resonances. There can be “background” cross sections in File 3 that must be
added to these values to account for competitive reactions such as inelastic
scattering or to correct for the inadequacies of the single-level representation
with regard to multilevel effects or missed resonances. The sums extend over
all the ¢ values and all the resolved resonances r with a particular value of
{. Each resonance is characterized by its total, neutron, fission, and capture
widths (I',T',, I'¢, I'y), by its J value (AJ in the file), and by its maximum value
(smax= 0, /Iy in the code)

4 Ty
Omr = ﬁ qJ Tr > (9)

where ¢y is the spin statistical factor

2J +1

T4+ 2 (10)

9J
and [ is the total spin (SPI) given in File 2, and k is the neutron wave number,
which depends on incident energy E and the atomic weight ratio to the neutron
for the isotope A (AWRI in the file), as follows:

A
k= (2.196771><10_3)T+1\/E : (11)

There are two different characteristic lengths that appear in the ENDF resonance
formulas: first, there is the “scattering radius” a, which is given directly in File

2 as AP; and second, there is the “channel radius” a, which is given by
a=0123AY3 +0.08 . (12)

If the File 2 parameter NAPS is equal to one, a is set equal to a in calculat-
ing penetrabilities and shift factors (see below). The ENDF-6 option to enter
an energy-dependent scattering radius is not supported. The neutron width
in the equations for the SLBW cross sections is energy dependent due to the

penetration factors FPy; that is,

_ PAE)T,

For (B =1,y "
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where

PO = P, (14)
3
P
P = £ 15
1 1+P2 ’ ( )
5
P
P = — 16
2 9+3p2+p4 3 ( )
7
P = p and (17)

225 + 45p2 + 6p* + pb 7
2
P = , 18
4 11025 + 157502 + 135p% + 106 + p8 (18)

where E, is the resonance energy and p=ka depends on the channel radius or

the scattering radius as specified by NAPS. The phase shifts are given by

¢0 = [) ) (19)
$1 = p—tan"'p, (20)
R 1 3p
o p—tanlg_ﬁg, (21)
15p — p?
¢3 = p—tan~! 15/)_ 622 , and (22)

. 1055 — 10p°
105 — 45p% + p* 7

¢y = p—tan” (23)

where p=ka depends on the scattering radius. The final components of the cross

section are the actual line shape functions ¢ and x. At zero temperature,

1

= — 24

v 1+a2’ (24)
X

= — 25

X 1+$2 ) ( )

2 _ /
r = 7(E ET), (26)
T,

e o SUIB] - Si(E)
S(PIE)

r

= Er + Fnr(|Er|) ) (27)
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in terms of the shift factors

So = 0, (28)

1
_ 2

Sl 1+p2 ) ( 9)
18 + 3p?

Sy = —— " 30

2 9+ 3p2+pt’ (30)
675 + 90p% + 64

Sy = T (31)

225+ 45p2 4 6pt + pb
g 44100 + 4725p? 4 270p* 4 10p° (32)
4T 11025 + 1575p2 + 135p% + 1095 + p°

To go to higher temperatures, define

h—_Lr (33)

4KTE
V4

where k is the Boltzmann constant and 7T is the absolute temperature. The line

shapes 1 and x are now given by

N Ox 6

and Jr e 0
s X

in terms of the complex probability function (see quickw, wtab, and w, which
came from the MC? code[36])

2 ) & e_t2
W(z,y) =e * erfc(—iz) = / dt , (36)

T J)_?—1
where z=x+iy. The ¥x method is not as accurate as kernel broadening (see
BROADR) because the backgrounds (which are sometimes quite complex) are
not broadened, and terms important for energies less than about 16k7/A are
neglected; however, the ¥y method is less expensive than BROADR. Previous
versions of RECONR included ¥ x broadening for the SLBW and Adler-Adler
representations only. This version also allows the method to be used for MLBW
cases. The SLBW approach can produce negative elastic cross sections. If found,
they are set to a small positive value, and a count is accumulated for a diagnostic

in the listing file.
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Multilevel Breit-Wigner Representation (MLBW) The Lubitz-Rose method

used for calculating Multi-Level Breit-Wigner cross sections (csmlbw) is formu-
lated as follows:
- I+% l+s
on(B) =150 D, D, wl-Ui B, (37)

with

: irnr
Uin(B) = 2% = ) s /27 (38)

where the other symbols are the same as those used above. Expanding the

complex operations gives

Tor 2 \2
B = XY w{(l—cos?@—E )

+ (sin 260+ Y an 1?;2)2} : (39)

where the sums over r are limited to resonances in spin sequence ¢ that have

the specified value of s and J. Unfortunately, the s dependence of I' is not
known. The file contains only I' j=I's, j+1's, ;. It is assumed that the I'; can be
used for one of the two values of s, and zero is used for the other. Of course,
it is important to include both channel-spin terms in the potential scattering.

Therefore, the equation is written in the following form:

on(B) = kQZ[ZgJ{(l—COSQ¢g—Z = 15562)2

+ (sm 20 + Z Lor 1?;” ) } +2Dy(1 — cos 2¢>g):| . (40)

where the summation over J now runs from

1 1
1=t =3l =I+6+5, (41)

and Dy gives the additional contribution to the statistical weight resulting from

duplicate J values not included in the new J sum; namely,

NJOY2012
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I3 s I+e+l
De= 2 D2 9— D w (42)
s=|I—%| J=[l—s| J=||1—¢]-1
I+6+3
= 2+ - > g (43)
J=llr-6-}

A case where this correction would appear is the /=1 term for a spin-1 nuclide.
There will be 5 J values: 1/2, 3/2, and 5/2 for channel spin 3/2; and 1/2 and
3/2 for channel spin 1/2. All five contribute to the potential scattering, but the
file will only include resonances for the first three.

The fission and capture cross sections are the same as for the single-level
option. The ¥y Doppler-broadening cannot be used with this formulation of
the MLBW representation.

However, there is an alternate representation available that does support ¥y

broadening;:
on = Op
Fnr G'ré
mr —(1- ’
—i—;;a {[0032@ ( Pr)+Fnr P(0, x)
H,
+(sin 200 + T) x(0,2) . (44)
where . L 4T
rd — & Fnrrnr’ d - ) 4
Gre =5 D (E, — E. )2+ (T, +T,)2/4 (45)
r
Jr’ 7é Jr
and Y
. — Er
H,. = | [ . 4
e Z (E, — E. )2+ (L, +T,/)2/4 (46)
v #r
Jr’ 7& Jr

Nominally, this method is slower than the previous one because it contains a
double sum over resonances at each energy. However, it turns out that G and H
are slowly varying functions of energy, and the calculation can be accelerated by
computing them at just a subset of the energies and getting intermediate values
by interpolation. It is important to use a large number of 7’ values on each side
of r. The GH MLBW method is implemented in csmlbw2.
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Adler-Adler Representation (Adler-Adler) The multilevel Adler-Adler
representation (csaa) is defined for /=0 only. It is useful for fissionable materials.

The total cross sections are given by

ai(E) = S5 sin’ o
Vv E

{Z ui [(GT cos 2¢o + H, sin 2¢9) (0, )

+ (Hycos2¢pg — Gy sin2¢g) x(0, m)]

Ay Az Ay 5
A+ 24+ 22+ 2 BIE + BoE 47
+ Attt BB BE (47)

where

T = , (48)

and where v, is the resonance half-width (corresponds to I'/2 in the Breit-Wigner
notation), yu, is the resonance energy, GG, is the symmetric total parameter, H,
is the asymmetric total parameter, and the A; and B; are coefficients of the
total background correction.

The fission and capture cross section both use the form

oo(E) = “I‘f

{Z Vl [Grp(0, ) + Hyx(0, )]

.

+ A1+?+]AE§+§+B1E+BQE2}, (49)

where the values of G, H, A;, and B; appropriate for the desired reaction are
used.

Doppler-broadening can be applied as for the SLBW case, except note that

I'; in Eq. 27 must be replaced with 2v,.. Doppler-broadened Adler-Adler cross

sections are more accurate than SLBW cross sections because the background is

smoother. However, cross sections below about 1657 /A will still be inaccurate.

The Adler-Adler method is not used in modern evaluations.
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Reich-Moore Representation (RM) The Reich-Moore representation as
implemented in subroutine csrmat is a multi-level formulation with two fission
channels; hence, it is useful for both structural and fissionable materials. The

cross sections are given by

o = 2SS0 (1 ReUL) + 24 [ cos(260)]} . (50)
e J

o, = %ZZgJ{H—Uﬁi2+2dej[1—003(2¢£)]a (51)
¢

o= IS Y S EE (52
¢ g c

oy = 0p—0p—0yf, (53)

where Z,,. is an element of the inverse of the complex R-matrix and

UL = rion [ﬂnn - 1} . (54)

The elements of the R-matrix are given by

R s | N i
g, - LN tmrder
" 2 r ET e %F'W"

In these equations, “c” stands for the fission channel, “r” indexes the resonances

belonging to spin sequence (¢, J), and the other symbols have the same meanings
as for SLBW or MLBW. Of course, when fission is not present, oy can be
ignored. The R-matrix reduces to an R-function, and the matrix inversion
normally required to get Z,,, reduces to a simple inversion of a complex number.

As in the MLBW case, the summation over J runs from

1 1
I—t—=| =1 =
1=t = 3l = T4+ (56)

The term dy; in the expressions for the total and elastic cross sections is used
to account for the possibility of an additional contribution to the potential scat-
tering cross section from the second channel spin. It is unity if there is a second
J value equal to J, and zero otherwise. This is just a slightly different approach
for making the correction discussed in connection with Eq. (43). Returning to
the I=1, =1 example given above, d will be one for J=1/2 and J=3/2, and it
will be zero for J=>5/2.
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ENDF-6 format RM evaluations can contain a parameter LAD that indicates
that these parameters can be used to compute an angular distribution for elastic
scattering if desired (an approximate angular distribution is still given in File 4
for these cases). The current version of RECONR has such a capability, and it
can be used with RM evaluations. Because of channel-spin issues, it works best

with RML evaluations. See below for a discusion of angular distributions.

Hybrid R-Function Representation (HRF) The Hybrid R-Function rep-
resentation treats elastic scattering as a multi-level cross section using formulas
similar to those given above for the Reich-Moore format in the case where fis-
sion is absent. The other reactions are treated with formulas similar to those of
the SLBW method. The main use for this format is to provide a better repre-
sentation of competitive reactions than is provided by any of the other formats
described above. This treatment can include a background R-function, tabu-
lated charged-particle penetrabilities, and optical model phase shifts. Following

the RM notation, the elastic cross section is given by

+% I+s

I
on= 5 > ol -Us?, (57)

where the U function is given by the scalar version of Eq. (54):

- 2
Uﬁij = ezl‘z"’ [@ — 1] . (58)

The R-function itself is given by

: r
RS —1_ SN ip o RY, (59)
nn QZET—E—%F,W sJtWsJ

r

where R?S 7 is a (complex) background R function and Py is a penetrability
factor. The background R function can either be read in or set to zero. The pen-
etrability and shift factors are computed from the scattering radius or channel
radius as for SLBW. The phase shifts ¢;; can be computed from the scattering
radius as before, or the (complex) phase shifts can be read in from an optical
model calculation.

Note that resonance parameters are given explicitly for all three quantum
numbers ¢, s, and J. No correction to the potential scattering cross section

from repeated J values is needed.

NJOY2012 99



LA-UR-12-27079 Rev 3 RECONR

Elastic angular distributions can also be computed from HRF parameters if
the LAD parameter is set; however, RECONR does not support that.

Reich-Moore-Limited Representaton (RML) The Reich-Moore-Limited
representation is a more general multilevel and multichannel formulation. In ad-
dition to the normal elastic, fission, and capture reactions, it allows for inelastic
scattering and Coulomb reactions. Furthermore, it allows resonance angular
distributions to be calculated. It is also capable of computing derivatives of
cross sections with respect to resonance parameters. See ERRORR. The RML
processing in NJOY is based on the SAMMY code[35]. The calculation in RE-
CONR makes use of several subroutines exported by the samm module; namely,
s2sammy, ppsammy, rdsammy, cssammy, and desammy.

The quantities that are conserved during neutron scattering and reactions
are the total angular momentum J and its associated parity m, and the RML
format lumps all the channels with a given J™ into a “spin group.” In each spin
group, the reaction channels are defined by ¢ = (a, ¢, s,J), where a stands for
the particle pair (masses, charges, spins, parities, and Q-value), ¢ is the orbital
angular momentum with associated parity (—1)*, and s is the channel spin (the
vector sum of the spins of the two particles of the pair). The ¢ and s values
must vector sum to J7 for the spin group. The channels are divided into incident
channels and exit channels. Here, the important input channel is defined by the
particle pair neutron+target. There can be several such incident channels in
a given spin group. The exit channel particle pair defines the reaction taking
place. If the exit channel is the same as the incident channel, the reaction is
elastic scattering. There can be several exit channels that contribute to a given
reaction.

The R-matrix in the Reich-Moore “eliminated width” approximation for a

given spin group is given by

YAV b
R, ,:E R20c 60
“ 4 E/\—E—ZTM/2+ e (60)

where ¢ and ¢ are incident and exit channel indexes, \ is the resonance index
for resonances in this spin group, F) is a resonance energy, 7. iS a resonance
amplitude, and I'y, is the “eliminated width,” which normally includes all of the
radiation width (capture). The channel indexes runs over the “particle channels”
only, which doesn’t include capture. The quantity R is the “background R-

matrix.”
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In order to calculate the contribution of this spin group to the cross sections,

we first compute the following quantity:

ch’ = Pcl/2 LEI Z YC;”lRC"C/ Pc1’/2 ’ (61)
C//
where
}/CC” = L;lécc// - RCC"7 (62)
and
L.=5.— B, +iP,. (63)

Here, the P, and S, are penetrability and shift factors, and the B, are boundary
constants. The cross sections can now be written down in terms of the X ... For

elastic scattering

4 . ; .
Oelastic — k72 Z [Sln2 ¢c(1 - 2ch) - Xcrc Sln(2¢c) + Z ’ch’|2} )
C/

« Jr

where X, is the real part of X, Xéc, is the imaginary part, ¢. is the phase
shift, the sum over J”™ is a sum over spin groups, the sum over c is limited to
incident channels in the spin group with particle pair a equal to neutron+target,
and the sum over ¢ is limited to exit channels in the spin group with particle

pair a. Similarly, the capture cross section becomes

O capture = g Z ZgJa Z [X(Z;c - Z |ch’|2} ) (64)

o gr ¢ c

where the sum over J™ is a sum over spin groups, the sum over c is a sum over
incident channels in the spin group with particle pair a equal to neutron+target,
and the sum over ¢’ includes all channels in the spin group. The cross sections

for other reactions (if present) are given by

Oreaction = g ZgJa Z |:Xéc - Z ’ch”2:| ) (65)

(6% J"r c

where the sum over c is limited to channels in the spin group J™ with particle
pair « equal to neutron+target, and the sum over ¢ is limited to channels in
the spin group with particle pair o/. The reaction is defined by o — «'. This
is one of the strengths of the RML representation. The reaction cross sections
can include multiple inelastic levels with full resonance behavior. They can also

include cross sections for outgoing charged particles, such as (n,«) cross sections,

NJOY2012 61



LA-UR-12-27079 Rev 3 RECONR

with full resonance behavior. The total cross section can be computed by sum-
ming up its parts.

For non-Coulomb channels, the penetrabilities P, shift factors S, and phase
shift ¢ are the same as those given for the SLBW representation, except if a Q

value is present, p must be modified as follows:

A A+1
_ -3
p = (2196771x10~) =\ [|E+ =@ (66)

These factors are a little more complicated for Coulomb channels. See the
SAMMY reference for more details.

The RML representation is new to the ENDF format, and it isn’t represented
by any cases in ENDF/B-VIL0O. There are experimental evaluations for '°F
and 3°Cl from ORNL available. However, the RML approach provides a very
faithful representation of resonance physics, and it should see increasing use in

the future.

RML Angular Distributions. One of the physics advances available when
using the RML format is the calculation of angular distributions from the reso-

nance parameters. A Legendre representation is used:

do o

ddcm

= Z Brao (E)Pr(cos ), (67)
L

where the subscript ao’ indicates the cross section as defined by the two particle
pairs, Pj is the Legendre polynomial of order L, and S is the angle of the
outgoing particle with respect to the incoming neutron in the CM system. The
coefficients Br,q/(E) are given by a complicated six level summation over the

elements of the scattering matrix U, where

Ucc’ = QCWCC/QC’ 5 (68)
where
0, = ei(we—¢c) 7 (69)
and
W =1I+2iX, (70)
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with I being the identity matrix and X having been already given in Eq. 61.

The coeflicients B become

) 1
Brow(E) = 75220022, (2i +1)(2I + 1)

®“ A B C D E F
X Gclc’l;CQcé;L Re[(6clc’1 - Uclc’l)(éczc’2 -U. )] . (71)

CaCh

The spins I and i are for the target and projectile for particle pair . The
complex expressions for the geometric coefficient G are given in the SAMMY

documentation. The six summations are as follows:

sum over spin groups defined by JT

sum over spin groups defined by JJ

sum over entrance channels ¢; belonging to group J{* with particle pair a
sum over exit channels ¢} belonging to group J7 with particle pair o/

sum over entrance channels cp belonging to group JJ with particle pair a

HEHOQw e

sum over exit channels ¢, belonging to group JJ with particle pair o/

Fig. 3 shows the first few Legendre coefficients for the elastic scattering cross

sections as computed by NJOY from the experimental evaluation for °F.
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Figure 3: Legendre coefficients of the angular distribution for elastic scattering in '°F using
the RML resonance representation (P; solid, Po dashed, P3 dotted).
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Because computing resonance angular distributions is a new feature, it is not
enabled by default. To activate it, change Want_Angular Dist to true. The Leg-
endre coefficients are written into a section of File 4 on the RECONR PENDF
file. Because the normal ENDF File 4 sections are not copied to the PENDF
File 4, the presence of File 4 on a PENDF file can be detected by subsequent
modules, such a ACER or GROUPR, and the resonance angular distributions
can be used to replace the ENDF File 4 values over the resonance energy range.
The default in NJOY2012 is to use the conventional RM processing path for
RM parameters. However, there is an option to convert the RM parameters
into RML format and process them with the RML methods. If this is done, res-
onance angular distributions can be computed for an RM evaluation. Change
Want_SAMRML_RM to true.

Infinitely-Dilute Unresolved Range Parameters Infinitely dilute cross
sections in the unresolved-energy range are computed in csunrl or csunr?2 using
average resonance parameters and probability distributions from File 2. With
the approximations used, these cross sections are not temperature dependent;
therefore, the results are a good match to resolved resonance data generated

using tempr>0. The formulas used are based on the SLBW approximation with

interference.
272 g =2 = . 9
on(E) = op+ =3 Z o [T, Ry — 2T, sin® ¢¢] , (72)
£,J
272 - =
oo(B) = = N"ZT.T,R, , and (73)
k2 D
0,J
4
ap:£2mﬂmwb (74)
0

where z stands for either fission or capture, I'; and D are the appropriate average
widths and spacing for the £,J spin sequence, and R; is the fluctuation integral
for the reaction and sequence (see gnrl). These integrals are simply the averages

taken over the chi-square distributions specified in the file; for example,

_ T,
mm&:<ﬁf>

::ﬁmmm/mﬂmﬁm&m) (75)

Ly (@) Ly ()
Lo(zn) + Ty(xy) + Ty + De(ae)

, (76)
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where P, () is the chi-square distribution for i degrees of freedom. The integrals
are evaluated with the quadrature scheme developed by R. Hwang for the MC?2-2
code[37] giving

QI QY
Re=> WHY WYY W = _ ) _ . 77
! Zz: ¢ Zj: J zk: FT.QF + T;QY + 1, +1.Q) (77)

The W} and Q! are the appropriate quadrature weights and values for ;1 degrees
of freedom, and T’y is assumed to be constant (many degrees of freedom). The
competitive width T'.. is assumed to affect the fluctuations, but a corresponding
cross section is not computed. The entire competitive cross section is supposed
to be in the File 3 total cross section as a smooth background.
It should be noted that the reduced average neutron width T (AMUN) is
given in the file, and
T, =TOVEV/(E), (78)

where the penetrabilities for the unresolved region are defined as

Voo =1, (79)
0
Vi, = T2 and (80)
o
Vo = —— 8 81
? p+3p% + pt &)

Other parameters are defined as for SLBW.
Unresolved resonance parameters can be given as independent of energy, with
only fission widths dependent on energy, or as fully energy dependent. The first

two options are processed in csunril, and the last one is processed in csunr?2.

3.5 Code Description

RECONR is implemented as a public subroutine reconr exported by the Fortran-
90 module reconm defined by reconr.f90.

The first step is to read cards 1, 2, and 3 of the user’s input. The TAPEID
record of the input file (nendf) is read and printed, then the new TAPEID record
is written to the output file (npend). RECONR is now ready to enter the loop
over the desired materials.

For each material, space is allocated for the energy nodes (enode), and ruin
is called to read cards 4 through 7 of the user’s input. If the reconstruction tem-

perature (tempr) is greater than zero, a table of ¢) and x functions is generated
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(the W table is used; see wtab and quickw). The findf utility routine from
module endf is then used to find the first card of File 1 (MF=1, MT=451) for
the desired material.

File 1 on the input ENDF file is examined to obtain certain constants and
flags and to analyze the directory (anlyzd). Subroutine anlyzd determines
which reactions should be considered “redundant”; that is, the reactions that
are sums of other reactions and will be included on the output PENDF file.
The total cross section (MT=1 for neutrons, MT=501 for photons) will always
be included; the nonelastic cross section (MT=3) will be included if it is needed
for photon production (that is, MF=12, MT=3 is found); the inelastic cross
section (MT=4) will be included if sections with MT in the range 51 — 91 occur
in the file, and the total fission reaction (MT=18) will be called redundant if
the partial fission representation (MT=19, 20, 21, 38) is found. MT103 (n,p)
can be a summation reaction if its partials MT600, MT601, ..., are present, and
the same for the other charged-particle absorption reactions. Space for the new
material directory is then allocated (mfs, mts, ncs). Section identification and
card counts will be entered into these arrays as they are determined.

File 2 on the ENDF file is now checked using s2sammy (which was imported
from the samm module) to see whether the sammy method is needed. This
depends on whether RML resonance parameters are found, and whether con-
version to RML format has been requested for Reich-Moore or Breit-Wigner
data (see Want_SAMRML_RM and Want_SAMRML BW). The variable nmtres flags the
use of SAMMY processing. Because RML evaluations can include more than
the normal elastic, fission, and capture reactions, a list of reactions identified is

printed. Here is an example for the experimental F evaluation.

resonance range information
ier energy-range lru 1rf method
1 1.000E-05 1.000E+06 1 7  sammy

samm resonance reactions: 2 102 51 52
samm max legendre order: 7

generating File 4 for resonance angular distributions

The next step is to read File 2, which contains resolved and unresolved res-

onance parameters (if any). The array res is allocated to contain the File 2
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data and rdfil2 is called to read them. This routine uses the additional rou-
tines rdf2bw, rdf2aa, rdf2hy, rdsammy, rdf2u0, rdf2ul, and rdf2u2 to read
the different types of resonance parameters. The subroutine rdsammy is im-
ported from the samm module. In addition, another imported routine ppsammy
is used to prepare for the SAMMY calculation. While the resonance parame-
ters are being stored, RECONR adds each resonance energy to its list of energy
nodes (enode). In the unresolved energy range, RECONR uses the energies
of tabulated parameters or fission widths if available. If the evaluation uses
energy-independent parameters, or if the energy steps between the nodes are
too large (see wide), rdfil2 creates additional node energies at a density of
approximately 13 points per decade (see egridu). Note that regions where the
unresolved representation for an element overlaps the resolved or smooth ranges
are found and marked by negative energy values. The energy nodes are sorted
into order and duplications are removed.

If the SAMMY method is active, and if angular distributions have been
requested (see Want_Angular Dist), the maximum Legendre order defined by
the resonance data is printed out.

If unresolved data are present, subroutine genunr is called to compute the
infinitely-dilute unresolved average cross sections on the unresolved energy grid
using csunrl or csunr2. Any backgrounds on File 3 are included, except in
regions of resolved-unresolved or unresolved-smooth overlap. The computed
cross sections are arranged in the order required by the special section with
MF=2 and MT=152, which is written onto the PENDF tape by recout. Using
the normal ENDF style, this format is defined by the following:

[MAT,2,152/ZA, AWR,LSSF,0,0, INTUNR] HEAD

[MAT,2,152/0.,0.,5,1,NW,NUNR/
E1,STOT1,SELAS1,SFIS1,SCAP1,STRN1,
E2,STOT2,SELAS2,SFIS2,SCAP2, STRN2,

ENUNR, STOTNUNR, . ...]JLIST

where NW = 6 + 6*NUNR. The definitions of the energy and cross section en-
tries are fairly obvious, except STRN stands for the current-weighted total cross
section. This format is specialized to “infinite dilution.” The more general form
used for self-shielded effective cross sections will be described in the UNRESR,
PURR, and GROUPR chapters of this manual.
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The subroutine lunion is used to linearize and unionize the ENDF data.
Space is reserved for two buffers to be used by loada/finda, for the lineariza-
tion stack (x and y), and for the ENDF scratch area (scr). The length of
the stack (ndim) determines the smallest possible subdivision of each panel (en-
ergy points as close as 2734® times the panel width can be generated). Since
the number of energies in the union grid may soon exceed the capacity of any
reasonable memory array, the existing list of energy nodes is copied to binary
scratch storage (the loada/finda system). This storage system consists of the
buffers bold and bnew and the scratch units iold and inew. The energy grid
points will “ping-pong” back and forth between units 14 and 15 as the union grid
is built up. Subroutine lunion now starts with MT=2 and checks each reaction
in sequence to determine whether the current grid (on iold) is sufficient to rep-
resent the reaction to within the desired tolerance using linear interpolation. If
not, RECONR adds additional points by adaptively halving the intervals. The
new grid is stored on inew. The units inew and iold are swapped, and the next
MT is processed. When all nonredundant reactions have been examined, the
list of energies in loada/finda storage is the desired linearized and unionized
grid. The storage used is deallocated.

This grid is used as the starting point for resonance reconstruction in resxs.
Subroutine resxs first reserves space for the loada/finda buffers bufr and
bufg, the linearization stack (x and y), and the partial cross sections (sig).
The length of the stack (ndim) determines the smallest possible subdivision of
a panel between two nodes (energy points as close a 2724% times the panel
width can be generated). Subroutine resxs then examines the grid on ngrid
(iold from lunion) panel by panel. Grid points are added and cross sections
computed until the convergence criteria discussed in Section 3.3 are satisfied.
The cross sections are copied to nout using loada, and resxs continues to the
next panel. This procedure is continued until all panels are converged. The
result is a tape (nout) containing the energy grid in the resonance region and
the total, elastic, fission, capture, and possibly additional cross sections at each
energy point.

Unionization is obtained automatically in the resonance region since all of
the partials are computed simultaneously in sigma, using csslbw for SLBW
parameters, csmlbw for MLBW parameters, csaa for multi-level Adler-Adler
parameters, csrmat for Reich-Moore parameters, cshyb for Hybrid R-Function
parameters, cssammy for Reich-Moore-Limited parameters, and sigunr for unre-

solved resonance parameters. This last routine retrieves the cross sections from
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the table prepared by genunr. Subroutine cssammy is imported from the samm
module. A special feature of RECONR is the ability to reconstruct the cross
sections at tempr by vy broadening if SLBW or Adler-Adler parameters are
given. This can also be done for MLBW using the GH method implemented by
csmlbw2. The Doppler-broadened resonance shapes are obtained using quickw
(see description in the UNRESR chapter), and the linearization procedure pro-
ceeds as before.

The resonance cross sections on ngrid are merged with the ENDF cross
sections in emerge. First, the background grid from lunion is merged with the
resonance grid from resxs and written onto the loada/finda file, which will
accumulate the total cross section and any other redundant reactions required
(iold/inew). A loop is then set up over all nonredundant reactions. For each
grid point, the ENDF background cross section is obtained by interpolation. If
this grid point has a resonance contribution on nres, it is added. The resulting
net cross section at this point is added into the appropriate redundant cross
sections on iold/inew and also saved on ngrid. When all the energies for this
reaction have been processed, the cross sections on ngrid are converted into a
TABI1 record and written on nscr. This loop is continued until all reactions
have been processed. When emerge is finished, nscr contains cross sections for
all the nonredundant reactions, and iold contains the redundant summation
reactions.

Control now passes to recout, which writes the new File 1 comments and dic-
tionary. It also writes a default version of the section with MF=2 and MT=151
that gives no resonance parameters. The upper limit of the resolved energy
range, eresh, is added to the “C2” field of the third card so that BROADR
knows not to broaden into the unresolved energy range. For materials with un-
resolved data, a specially formatted section (MF=2, MT=152) is written con-
taining the infinitely-dilute unresolved cross sections. This section can be used
by BROADR and GROUPR to correct for resolved-unresolved overlap effects,
if necessary. Subroutine recout then steps through the reactions on nscr and
iold. Redundant summation reactions are converted to TABI records and in-
serted in the correct order. Nonredundant reactions are simply copied. Finally,
a MEND record is added and control is returned to reconr.

Now reconr either directs that this process be repeated for another isotope
or writes a TEND record and terminates. The result is a new file in ENDF
format containing the desired pointwise cross sections. Normally, only Files 1,

2, 3, 10, and 13 are included for neutron files. However, if angular distribution
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processing has been requested, a File 4 containing the Legendre coefficients will
also be written. Because the original ENDF File 4 was not copied to the PENDF
file, the presence of sections of File 4 on the PENDF file provides a flag to
subsequent modules that resonance angular distributions have been calculated.
Only Files 1 and 23 are included for a photon file.

The SAMMY method is implemented in a separate Fortran-90 module samm
defined by sammy.£90. It exports the subroutines cssammy (computes cross sec-
tions, angular distributions, and derivatives), s2sammy (scans File 2 to see if
SAMMY method is needed and measure some sizes), ppsammy (sets up SAMMY
calculation), rdsammy (reads in File 2 data with optional conversion of BW or
RM data to RML form), and desammy (cleans up after the SAMMY calcula-
tion). It also exports some logical parameters, namely, Want_Partial Derivs,
Want_Angular Dist, Want_SAMRML_RM and Want_SAMRML BW. See ERRORR for
the use of derivatives. If conversion from BW and/or RM was requested, it is
possible to get the resulting File 2 values printed out for checking. Just set imf2
in sammy.f90 to 1.

The cssammy subroutine uses abpart to compute some energy-independent
pieces of the cross sections and derivatives. The main work for cross sections,
angular distributions, and derivatives in done in cross. The results for cross
sections are returned in sigp to be consistent with the other “cs” routines in RE-
CONR. Angular distributions are returned in siga, and sensitivities are returned
in sigd (derivatives of cross sections with respect to parameters). Subroutine
cross starts by initializing the quantities being calculated (cross sections, maybe
angular distributions, maybe derivatives), and then it sets up a loop over the
spin-parity groups. It initializes the results for this spin group and then calls
setr to compute the elements of the R-matrix (see Eq. 60 and other quantities,
such as the Y matrix, penetrabilities (rootp), and phase shifts. It then inverts
the Y matrix and calculates the X matrix of Eq. 61. See setxqx. It can then
use the X matrix to compute the contributions to the cross sections (sectio),
maybe angular distributions (setleg), and maybe derivatives from this spin
group and add them into the sum over groups. When the loop over spin groups
is complete, it normalizes things properly and returns its results.

Going back to subroutine setr, it computes the R-matrix first. It then
computes the phase shift, penetrabilities, and shift factors. For non-Coulomb
cases, the phase shifts come from sinsix, and the penetrability P and boundry

condition (S—B+iP)~! come from pgh. For Coulomb cases, subroutine pghcou
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computes all of these quantities. The penetrability P is converted to rootp for

use in Eq. 61.

3.6 Input Instructions

The input instructions for each module are given in the code as comment cards
at the beginning of the source code for each module. The RECONR instructions

are reproduced here for the convenience of the reader.

I---input specifications (free format)----------------——————————-
!

! card 1

! nendf unit for endf tape

! npend unit for pendf tape

card 2

! tlabel 66 character label for new pendf tape

! delimited with quotes, ended with /.

! card 3

! mat material to be reconstructed

! ncards number of cards of descriptive data for new mfl
! (default=0)

! ngrid number of user energy grid points to be added.
! (default=0)

! card 4

! err fractional reconstruction tolerance used when

! resonance-integral error criterion (see errint)
! is not satisfied.

! tempr reconstruction temperature (deg kelvin)

! (default=0)

! errmax fractional reconstruction tolerance used when

! resonance-integral error criterion is satisfied
! (errmax.ge.err, default=10*err)

! errint maximum resonance-integral error (in barns)

! per grid point (default=err/20000)

! (note: the max cross section difference for

! linearization, errlim, and for reconstruction,

! errmin, are also tied to errint. to get maximum
! accuracy, set errint to a very small number.

! for economical production, use the defaults.)

! card 5

! cards ncards of descriptive comments for mt4b51
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! each card delimited with quotes, ended with /.

! card 6

! enode users energy grid points

!

! cards 3, 4, 5, 6 must be input for each material desired

! mat=0/ terminates execution of reconr.
|

A sample input for processing an isotope from ENDF/B-VII follows (the line
numbers are for reference only and are not part of the input). First, mount the
ENDF/B-VII file for 23°U on unit 20.

reconr
20 21

’pendf tape for U-235 from ENDF/B-VII’/
9228 2/

.001/

’92-U-235 from ENDF/B-VII’/

’processed with NJOY’/

0/

0 N O O W N

Card 2 tells RECONR that the input ENDF tape will be on unit 20, and that
the output PENDF tape will be on unit 21. Card 3 is a “TAPEID” label for the
output PENDF file. Card 4 gives the MAT number for U-235 and says that two
additional comment cards will be given. Card 5 sets the reconstruction tolerance
t0 0.1% (.001 as a fraction) with all its other parameters defaulted. Cards 6 and
7 are the two comment cards to be inserted into the PENDF files MF1/MT451
section. Finally, the “0/” terminates the RECONR input. The capability to
loop over multiple isotopes in RECONR is rarely used for neutron files, but it is
useful for photon interaction processing (see GAMINR). The resulting PENDF
tape will contain the desired TAPEID card, followed by 23U data, a MEND
card and a TEND card.
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3.7 Error Messages

error in reconr***illegal nsub for reconr
RECONR only processes sublibraries that contain cross section data. Check
whether the right input ENDF input tape was mounted.

error in anlyzd***too many redundant reactions

Increase the global parameter nmtmax=10.

error in xxxxxx***storage in enode exceeded
Too many energy nodes including the user’s nodes and the energies from
MF=2. Increase the global parameter nodmax=800000. This message can
come from rdf2bw, rdf2aa, rdf2hy, rdf2u0, rdf2ul, or rdf2u?.
error in XXXXxx***res storage exceeded
Too much resonance data. This should not occur for a conforming ENDF-
format file, because maxres is computed from the MF=2 line count in
the MF=1/MT=451 index. This message can come from rdfil2, rdf2bw,
rdf2aa, rdf2hy, rdf2u0, rdf2ul, or rdf2u2.
error in xxxxxx**xstorage in eunr exceeded.
Increase the global parameter maxunr=500. This message can come from
rdfil2, rdf2ul, or rdf2u?2.
error in rdfil2**xillegal resonance mode.
A resonance mode has been requested that RECONR does not understand.
error in rdf2bw***energy-dep scattering radius ...
This option is only used in MLBW for current evaluations.
message from rdf2bwk*x*xcalc... of angular distribution not...
This option is only partially available in RECONR. This message can come
from rdf2bw (for Reich-Moore cases) or from rdf2hy (Hybrid R function).
error in rdf2hy**xhybrid competing reactions not yet added
This option is not yet available in RECONR.
error in lunion***ill behaved threshold
The routine is having trouble adjusting the threshold to agree with the Q
value. Check the points near the threshold for this evaluation.
error in lunion**x*exceeded stack
Increase length of linearization stack ndim (currently 50).
error in resxs**xstack exceeded
Increase length of reconstruction stack ndim (currently 50).
error in sigmax**general r-matrix not installed.
This option is not yet available in RECONR.
error in sigmax**illegal option.
There is a problem with the ENDF tape.
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error in csmlbwk**not coded for temperature gt O deg k
The 1x Doppler-broadening doesn’t work for normal MLBW. This message
shouldn’t occur, because temperatures greater than zero will cause csmlbw?2
to be called.

error in csrmat***not coded for temperature gt O deg k

The x Doppler-broadening doesn’t work for RM. Use tempr=0. only.

error in cshybr**x*doppler broad’g not provided for hybrid
The vy Doppler-broadening doesn’t work for hybrid parameters. Use
tempr=0. only.

error in csaa***xbad 1i value

There is an error in the evaluation format.

message from emerge---negative elastic cross sects found

Negative elastic cross sections can occur for SLBW evaluations.

error in recoutx*x*xfor mf --—- mt —-—-

Indexing and pair count for this section do not make sense.

calculation of angular distribution not installed -
Message comes from several resonance types that do not support the calcu-
lation of angular distributions. Some of them can be used if Want_SAMRL_RM
or Want_SAMRML_BW are true.

message from s2sammy***multiple isotopes... -
Multiple isotopes for RM sections don’t work with the SAMMY method.
The code automatically reverts to normal RM processing.

error in s2sammy***res storage exceeded. -
Storage limited to maxres. Shouldn’t occur.

error in s2sammy***energy-dep scattering length... -
This only works for MLBW parameters.

error in rearrangex**nres fault -
Trouble while rearranging resonances into spin-group order.

errorr in findsp***quantum numbers in file 2 do not... -
Problems with the quantum numbers for the evaluation.

error in checkgn***error in quantum numbers -
Problems with the quantum numbers for the evaluation.

error in lmaxxx***1llmax limit to 51 -
Problems with the Clebsch-Gordan coefficients for the angular distribu-
tions.

error in clbsch***did not count correctly -

Problems with the Clebsch-Gordan coefficients for the angular distribu-
tions.
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error in pspcoux*xllmax larger than 100 -
Problem computing the Coulomb phase shifts.
error in bigeta***I0 sum failed -

Problem for the Coulomb routine.

error in bigeta***KO sum failed

Problem for the Coulomb routine.

error in bigeta**xL1l sum failed

Problem for the Coulomb routine.

error in bigetax*xK1l sum failed

Problem for the Coulomb routine.

error in setleg***nppx too large -
Problem generating Legendre polynomials.

3.8 Input-Output Units

The following logical units are used:

10 nscrlin reconr, nout in lunion, and nin in emerge. Contains copy
of nonredundant sections from original ENDF tape.

11 nscr2 in reconr; ngrid in lunion, resxs, and emerge. Contains
union grid for ENDF tape (not counting resonances).

12 nscr3 in reconr, nout in resxs, and nres in emerge. Contains
resonance grid and cross sections.

13 nscr4 in reconr is used for two separate purposes. In resxs it is
a binary scratch file nscr used for the unthinned resonance data.
In emerge and recout, it is nmerge and contains the nonredundant
reactions on the union grid.

14/15 iold/inew in lunion. Are used locally only to accumulate union
grid for ENDF cross sections. Destroy after use.

14/15  iold/inew in emerge. Are used locally only to accumulate summa-
tion cross sections on union grid.

20-99  User’s choice for ENDF (nendf) and PENDF (npend) tape numbers
to link RECONR with other NJOY modules.

5,6,7  See the NJOY chapter for a description of the I/O units.

Note that 11, 12, 14, and 15 are always binary. Unit 10 has the same mode as
nendf. Unit 13 is binary when used in RESXS, and it has the same mode as

npend elsewhere. npend can have a different mode than nendf.
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3.9 Storage Allocation

Storage allocation in RECONR  is sensitive to (1) the amount of resonance pa-
rameter data, (2) the number of energy-grid node values, (3) the size of the
resonance reconstruction stack, (4) the use of 1y broadening, and (5) the sizes
of the loada/finda buffers. Other storage requirements are minor.

Buffer sizes can be reduced or increased at will. The result is a storage/speed
tradeoff with no change in capability or accuracy. See the global parameters
nbufg=2000, nbufr=2000, and nbuf=2000 at the beginning of the reconm mod-
ule.

The 1y broadening option requires 7688 words of additional storage. There-
fore, memory use can be reduced if ¢y is not required. No code changes are
needed — just avoid tempr greater than zero.

Resonance reconstruction in resxs uses 5xndim words. The parameter ndim
determines the smallest subdivision of a panel that can be obtained. Using
ndim=30 allows points to be generated with spacing as small as one-billionth of
the panel size (239).

The code currently allows for nodmax=800000 energy nodes and maxunr=>500
unresolved points. These values tend to increase as additional very detailed
resonance evaluations appear, but the current values seem to be sufficient for

the evaluations existing as of this writing.
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4 BROADR

BROADR module generates Doppler-broadened cross sections in PENDF for-
mat starting from piecewise linear cross sections in PENDF format. The input
cross sections can be from RECONR or from a previous BROADR run. The
code is based on SIGMA1[26] by D. E. Cullen. The method is often called “ker-
nel broadening” because it uses a detailed integration of the integral equation
defining the effective cross section. It is a fully accurate method, treating all res-
onance and non-resonance cross sections including multilevel effects. BROADR

has the following features:

e An alternate calculation is used for low energies and high temperatures
that corrects a numerical problem of the original SIGMA1. (This problem
has been corrected in another way in later versions of SIGMAL.)

e Dynamic storage allocation is used, which allows the code to be run on
large or small machines with full use of whatever storage is made available.

o All low-threshold reactions are broadened in parallel on a union grid.

e The union grid is constructed adaptively to give a linearized representation
of the broadened cross section with tolerances consistent with those used
in RECONR. Energy points may be added to or removed from the input
grid as required for the best possible representation. Precision up to 9
significant figures is allowed for energies.

e The summation cross sections such as total, nonelastic, and sometimes
fission or (n,2n) are reconstructed to equal the sum of their parts.

e Standard thermal cross sections, integrals, and ratios are computed when
the temperature is 293.6K (0.0253 eV).

e The file directory (actually an index to the reactions present) is updated.

This report describes the BROADR module in NJOY 2012.0. The main

changes from the version reported previously[3] are as follows:

e the use of 7 or 9 significant figures together with the use of 64-bit precision
for consistency with RECONR,

e the restriction that ntemp2 be less than or equal to 10 has been eliminated,

e the calculation of standard thermal cross sections and integral parameters
when the base temperature requested is 293.6K (0.0253 eV),

e the use of an enhanced reconstruction tolerance in the thermal range, and

e the conversion to Fortran-90 style.
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4.1 Doppler-Broadening Theory

The effective cross section for a material at temperature 71" is defined to be that
cross section that gives the same reaction rate for stationary target nuclei as the

real cross section gives for moving nuclei. Therefore,
por(u.1) = [ d¥'plv =V allv - V) P(V.T) (52)

where v is the velocity of the incident particles, v’ is the velocity of the target,
p is the density of target nuclei, o is the cross section for stationary nuclei, and
P(v',T) is the distribution of target velocities in the laboratory system. For
many cases of interest, the target motion is isotropic and the distribution of
velocities can be described by the Maxwell-Boltzmann function
’ ’ /2 2 ’
PV, T)dv' = mexp(—av )dv', (83)
where o = M/(2kT), k is Boltzmann’s constant, and M is the target mass.
Eq. 82 can be partially integrated in terms of the relative speed V = |v — v/|

to give the standard form of the Doppler-broadened cross section:

ol/2

5(v) = paYERe: /0 av o (V) V2 {e—W—v)Q —e—a<V+v>2} . (84)

It is instructive to break this up into two parts:

a(v) = 0" (v) —o"(-v) , (85)
where 1/2
* « o —a(V—-v
o*(v) = 7T1/21)2/0 AV o (V) V2e elV-0)* (86)

The exponential function in Eq. (86) limits the significant part of the integral
to the range

4 4
vV——=<V<vo+ —.

va Va

For o*(—wv), the integral depends only on velocities satisfying

0<V <

Bk
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Table 1: Energy Parameter for Effective Doppler-Broadening

Target Temperature Energy Parameter (E,,)

H 300K 0.2 eV
23517 300K 0.0017 eV
235y 1.0 keV 69 eV

These results can be converted to energy units using

_16kT
- =

Some examples are given in Table 1. Doppler-broadening effects will be impor-
tant below this energy and for any features such as resonances, thresholds, or
artificial discontinuities in evaluations that are not slowly varying with respect
to 2/ EnE. As an example, for 235U at 100 eV, Doppler effects are important
for features smaller than about 0.8 eV.

The numerical evaluation of Eq. (86) developed for SIGMA1 assumes that
the cross section can be represented by a piecewise linear function of energy
to acceptable accuracy. This is just the form of the NJOY PENDF files (see
RECONR). Defining the reduced variables y = \/ax and z = v/aV, the cross
section becomes

o(z) = o; + si(x* —2?) (87)

with slope s; = (0i41 — 03)/(2?,; — 22). Eq. (86) can now be written as

Ti41

W) =5 22/ ) w2~ (@Y) dm—Z{A 2?)+B;s;} , (88)

xo = 0,
IN+1 = ©O0,
A = %H2+2H1+H0,and
y y
B = ;2H4+;1H3+6H2+4yH1+y2H07

and where H,, is shorthand for H, (z;—y,z;+1—y). The extrapolations to zero

and infinity assume a constant cross section (sp=sy=0). The H functions are
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the incomplete probability integrals defined by

1 b
Hy(a,b) = 7 /a e dz (89)
These functions can be computed in two ways. First,
H,(a,b) = F,(a) — F,(b) , (90)

where ) -
2
Fnla) = — Te . 1
(a) \/7?/@ Z"e % dz (91)

These functions satisfy a recursion relation that can be used to obtain

Fyla) = %erfc(a), (92)
Fi(a) = 2\1/%exp(—a2),and (93)
Fy(a) = ”glpn,g(a)mn—lm(a), (94)

where erfc(a) denotes the complementary error function

erfc(a) = 57? /oo e dz . (95)

However, when F),(a) ~ F,(b), the difference in Eq. (90) may lose significance.
In such cases, Hy(a,b) can be computed by a second method based on a direct

Taylor expansion of the defining integral. Write

1 b n_ —z _L ¢ ne—z2 _ _ a
H,(a,b) = ﬁ/o Z"e *dz ﬁ/o z dz = Gn(b) — Gp(a) . (96)

But by Taylor’s Theorem,

b— (b—a)™

Gn(b) = Gula) = - Ghl@) + o+ ———GM(a) + (97)
Also,
G (z) = a [x”e_m2] = e_xQPm(x) (98)
" daxm—1 nAn
where PJ"(z) is a polynomial with recursion relation
m d m—1 m—1
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Figure 4: The (n,a) cross section for 1°B from ENDF/B-V for three different temperatures
showing that a 1/v cross section is invariant under Doppler-broadening.

with P! = ™. From this point, it is straightforward to generate terms until the
desired number of significant figures is obtained.

When interpreting BROADR output, it is useful to remember several impor-
tant features of the Doppler-broadening process. A 1/v cross section remains
unchanged. Contrary to “popular knowledge”, the area under a resonance does
not remain unchanged unless E > kT /A. In fact, each resonance develops a
new 1/v tail. Finally, a constant cross section (for example, elastic scattering)
develops a 1/v tail at low energies after Doppler-broadening. These effects are
shown in Figs. 4, 5, and 6; they can be best understood by noting that the
Doppler process preserves reaction rate vo(v) according to Eq. (82), and a finite
reaction rate is expected for T' > 0K even as v — 0.

Earlier versions of BROADR and SIGMA1 assumed that the input energy
grid from RECONR could also be used to represent the Doppler-broadened
cross section before thinning. The grid was then thinned to take advantage of
the smoothing effect of Doppler broadening. Unfortunately, this assumption is
inadequate. The reconstruction process in RECONR places many points near
the center of a resonance to represent its sharp sides. After broadening, the cross
section in this energy region becomes rather smooth; the sharp sides are moved
out to energies where RECONR provides few points. At still higher energies,
the resonance line shape returns to its asymptotic value, and the RECONR grid
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Figure 5: The elastic cross section for carbon from ENDF/B-V showing that Doppler-

broadening a constant cross section adds a 1/v tail.

10°

10°

i

9)

barn
$

Qross Sgcﬁom
10 10 1

10

1

10

U T 5 U T _ U T 0 T 4 UL
10 10 10 10 1
Energy (eV)

=3

3

Figure 6: The (n,y) cross section for 22°Pu for several temperatures showing the effects of

82

Doppler broadening on resonances. The temperatures are 0K (solid), 30 000K
(dotted), and 300 000K (dash-dot). The higher resonances behave in the classical
manner even at 30 000K; note that the line shape returns to the asymptotic value
in the wings of the resonance. All resonances at 300 000K (and to a lesser extent
the first resonance for 30 000K) show the additional 1/v component that appears
when kT'/A is large with respect to the resonance energy.
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Figure 7: An expanded plot of the 20 eV resonance from Fig. 6 showing both thinning
and “thickening” of the energy grid produced adaptively by BROADR. The two
curves show the capture cross section at 0K and 300 000K. Note that the high-
temperature curve has fewer points than the 0K curve near the peak at 20 eV
and more points in the wings near 15 eV and 25 eV. Clearly, using the 0K grid to
represent the broadened cross section in the wings of this resonance would give
poor results.

is adequate once more. The more recent versions of BROADR check the cross
section between points of the incoming energy grid, and add additional grid
points if they are necessary to represent the broadened line shape to the desired

accuracy. This effect is illustrated in Fig. 7.

4.2 Thermal Quantities

In thermal-reactor work, people make very effective use of a few standard ther-
mal constants to characterize nuclear systems. These parameters include the
cross sections at the standard thermal value of 0.0253 eV (2200 m/s), the in-
tegrals of the cross sections against a Maxwellian distribution for 0.0253 eV,
the g-factors (which express the ratio between a Maxwellian integral and the
corresponding thermal cross section), 7, «, and K1. Here, n is the Maxwellian-
weighted average of (v)os)/(cf + o), @ is the average of o./of, and K1 is the
average of (7 — 1)os — .. If BROADR is run for a temperature close to 293.6K
(which is equivalent to 0.0253 eV), these thermal quantities are automatically

calculated and displayed. Here is a sample output for 23°U from ENDF/B-VII:
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thermal quantities at 293.6 K = 0.0253 eV
.8490E+02
.4367E+00
.8665E+01
.9086E-01
.6639E+01
capture resonance integral: .4043E+02

thermal fission xsec: 5
2
9
9
8
1

thermal fission integral: 5.0605E+02
9
1
2
6
7
2

thermal fission nubar:
thermal capture xsec:
thermal capture g-factor:

thermal capture integral:

.7628E-01
.6828E-01
.0859E+00
.4040E+02
.2262E+02
.7T596E+02

thermal fission g-factor:
thermal alpha integral:
thermal eta integral:
thermal k1 integral:
equivalent ki:

fission resonance integral:

4.3 Data-Paging Methodology

A piecewise linear representation of a reaction cross section of a resonance mate-
rial may require a very large number of energy points. For example, ENDF /B-
VII 238U (MAT9237) requires 167 000 points for the total cross section for 0.1%
precision (errmax=err). It is impractical to load all these points into memory
simultaneously. However, the discussion following Eq. (86) in the theory section
shows that only a limited energy range around the point of interest is required.

The strategy used is to stage the cross-section data into three “pages” of
npage points each. Points in the center page can then be broadened using the
npage or more points on each side of the point of interest. If v — 4/y/a and
v+ 4/y/a are both included in the three-page range, accurate broadening can
be performed. If not, a diagnostic warning is printed; the user should repeat
the calculation with a smaller temperature step or a larger page size.

There are many different reaction cross sections for each material. How-
ever, the cross sections for high velocities are normally smooth with respect to
32kT/A for any temperatures outside of stellar photospheres; therefore, they do
not show significant Doppler effects. The upper energy limit for Doppler broad-

ening is the smallest of (i) the input value thnmax, (ii) the upper limit of the
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resolved-resonance energy range, (iii) the lowest threshold (often, but not always
>100 keV), or (iv) 1.0 MeV (the default input value for thnmax). No Doppler
broadening or energy-grid reconstruction is performed above that energy. Un-
der most conditions, and what users typically expect as the default action, the
second condition sets the Doppler broadening upper limit. However, users are
cautioned that the third condition may cause Doppler broadening to cease at
unexpectedly low energies, well below the upper limit of the resolved-resonance
energy range. For example, recent JENDL (JENDL-3.3 and JENDL-4.0 as of
this writing) evaluations for 23U include a resolved-resonance range upper limit
of 2.25 keV, but also include non-zero cross sections for an inelastic level with a
77 eV threshold. Under the rules itemized above, Doppler broadening of these
data stops at 77 eV. Other evaluations (e.g., ENDF/B-VI, ENDF/B-VII and
JEFF-3.1) share the same resolved-resonance range data but have zeroed out
this inelastic cross section from 77 eV to 2.25 keV and so Doppler broadening of
these files occurs throughout the resolved-resonance range, as most users expect.
As noted in the BROADR module source code comments, users may specify a
negative value for thnmax to override these selection rules and force Doppler
broadening to an upper energy of abs(thnmax) eV.

Finally, we note that the A; and B; factors in Eq. (88) depend only on the
energy (or velocity) values and not on the cross sections. Since the A; and B;
are expensive to compute, the code computes them only once for the points
of a unionized energy grid. The sum of Eq. (88) is accumulated for all the
non-threshold reactions simultaneously. This feature helps make BROADR run

faster.

4.4 Coding Detalils

The main subroutine for BROADR is broadr from module broadm. The code
begins by reading the user’s input (see Section 4.5). Storage is then allocated for
the loada/finda buffers (ibufo and ibufn) and for the scratch storage (iscr).
The buffer length nbuf can be changed at will (currently nbuf is 1000).

The input PENDF tape is searched for the desired material (mat1). If the
restart option is set (istart=1), the temperatures less than or equal to templ
for mat1 are assumed to have been broadened previously, and they are copied
to the output file. In either case, the files for templ are copied to a scratch file
on unit nscri.

Next, nscrl is rewound and examined reaction by reaction. The energy grid

from the total cross section (MT1) is saved on scratch storage using loada. If
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the input tape has not been through RECONR, the BROADR module will still
run, but at possibly reduced accuracy. The next low-threshold reaction (that
is, the next reaction with a threshold less than emin, which is currently 1 eV) is
located on nscri. The energy points are retrieved from scratch file iold (12 or
13) using finda, the cross sections for this reaction are computed on this grid,
and the results are stored on scratch file inew (13 or 12) using loada. The units
for iold and inew are then exchanged, and the entire process is repeated for
the next low-threshold reaction.

The final result of this process is a list of nreac low-threshold-reaction types
in mtr (usually MT2, MT18, and MT102), the threshold value for the first
high-threshold reaction (or the input value) in thnmax, and scratch file iold
containing the energy grid and all the low-threshold reactions (there are n2in
points).

Now that the number of reactions to be broadened simultaneously is known
(nreac), storage for data paging can be assigned. The total amount of storage
available is namax. The value of namax should be as large as possible (current
value is 15 000 000). This space is divided up into the largest possible page size,
npage. An overflow region nstack is also allocated. Now that the page size
is known, the code allocates three pages for energies (e), three pages for each
reaction cross section (s), one extended page for the broadened energy grid (eb),
and three extended pages for the broadened cross section (sb). This system is
designed to use the available storage with maximum efficiency.

The cross sections on iold are now broadened by bfile3 (see below) and
the results are written on scratch unit inew using loada.

The directory from nscri is revised to reflect any thinning or thickening and
written on the output PENDF tape (nout). Note that the new temperature is
written into the first word of the Hollerith data record to simplify later searching.

The broadened cross sections are now converted into ENDF TAB1 records
and merged with the unbroadened cross sections on nscrl. The total cross
section (and sometimes nonelastic, inelastic, fission, (n,2n), or charged-particle
reactions) is reconstructed to equal the sum of its parts. The new Doppler-
broadened “MAT” on NOUT is a legal PENDF file with the same MAT number
as the original data but with a new temperature.

The process is now repeated for each of the ntemp2 final temperatures temp2
requested. Note that after each step inew contains the new data and iold
contains the previous data. If the “bootstrap” option is set (istrap=1), these

units are interchanged. For this option, stemp2(it) is always obtained from
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temp2(it-1). Because of the thinning effect of Doppler-broadening, the broad-
ening runs faster at each step. The accumulation of error is usually not a
problem. For istrap=0, temp1 is used for the starting temperature every time.

The broadening and energy-grid reconstruction are directed by bfile3 . The
routine loads data into the appropriate memory pages from scratch file 101d and
then either calls broadn to broaden it (with thinning or thickening of the grid as
necessary) or calls thinb to thin it without broadening. The results are written
onto scratch file inew.

In broadn, the energy grid points just loaded into e by bfile3 are converted
to the dimensionless variables x and y [see Eq. (87)]. An adaptive reconstruction
of the Doppler broadened cross section is then performed for the energy range
in the center page using an inverted stack algorithm like the one described for
RECONR. The upper limit of each panel is taken to be a point from the input
grid, but in order to allow for thinning, up to nmax=10 of the input grid points
can be skipped before the actual upper limit is selected. In addition, the energy
of the upper limit cannot be more than step=2.01 times the energy of the
preceding point. The cross sections are now computed at the midpoint of the
top panel in the stack using bsigma. If the results differ from the values obtained
by interpolation by more than the specified tolerance, the new point is added to
the stack, and the tests are repeated. Otherwise, the top point in the stack is
converged. A backward check is made to see if some of the previous points can
be removed based on the new value, the new value is stored in the output array,
and the height of the stack is reduced by one. The routine now tries to subdivide
the new panel at the top of the stack in the same way. When the stack has been
reduced to one element, a new upper limit is chosen from the input energy grid
as described above, and the entire process is repeated. The reconstruction logic
in BROADR uses the same integral tests as RECONR. Refer to the RECONR
chapter for more details.

Subroutine bsigma is used to calculate the actual broadened cross section at
an energy point using the data in the three pages. First, the routine locates the
energy panel containing the desired energy en. It then loops over intervals below
the current point adding in contributions to ¢ from the V—v term of Eq. (84)
until the contributions to the cross section become small. If the lower limit of
the bottom page is reached before convergence, a warning message is issued.
The routine then loops over intervals above the current point until convergence.
Once again, a warning is issued if necessary. Finally, the low-energy term [the

one involving V+v in Eq. (84)] is added, if applicable.

NJOY2012 87



LA-UR-12-27079 Rev 4 BROADR

Subroutine thinb is provided for cases where the input cross section set is
to be thinned only. This routine uses the original SIGMA1 method. The first
input point is always kept. The routine then loops over higher energy values.
For each grid point, all the points from there back to the last accepted point
are checked for their deviation from a straight line. If they all can be removed
without violating the specified tolerance, the interval is extended to the next
higher point and the tests are repeated. If any point in the range is too far from
the linear approximation, the last point in the range is accepted as an output
point, and the testing process is repeated starting from this new lower limit.
The procedure terminates when all of the points in the middle page have been
thinned, and control is returned to bfile3 to get the next page of data.

Subroutine hunky has been modified from the original SIGMA1 version to
implement the alternate H,,(a, b) calculation when necessary (see hnabb). When
using the direct method, F;, values from the previous step are used in the dif-
ference of Eq. (90), and funky is called to get the new values. The A; and B;
of Eq. (88) are related to the s1 and s2 here.

Subroutine funky evaluates F,(a) by the recursion formula of Eq. (94) using
the very accurate SLATEC version of the reduced complementary error function
from the NJOY2012 math module.

Function hnabb implements the alternate calculation described by Egs. (96)-
(99). The series expansion is continued until about six significant figures are
guaranteed (see eps and hnabb). Currently, hnabb is called when only four

significant figures are reliable in hunky (see toler in hunky).

4.5 User Input

The following input instructions have been copied from the comment cards at
the start of BROADR.

I-——input specifications (free format)----------—-——-——-————————-
!

! card 1

! nendf input endf tape (for thermal nubar only)
! nin input pendf tape

! nout output pendf tape

!

! card 2

! matl material to broadened and thinned

! ntemp2 number of final temperatures (default=1)
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! istart restart (0 no, 1 yes, default 0)
! istrap bootstrap (0 no, 1 yes, default O

! templ starting temperature from nin (default=0K)

! card 3

! errthn fractional tolerance for thinning

! thnmax max. energy for broadening and thinning

! (default=1 MeV)

! errmax fractional tolerance used when integral criterion
! is satisfied (same usage as in reconr)

! (errmax.ge.errthn, default=10*errthn)

! errint parameter to control integral thinning

! (usage as in reconr) (default=errthn/20000)

! set very small to turn off integral thinning.
! (A good choice for the convergence parameters

! errthn, errmax, and errint is the same set of

! values used in reconr)

! card 4

! temp2 final temperatures (deg Kelvin)

!

! card 5

! matl next MAT number to be processed with these

! parameters. Terminate with mat1=0.

!

!-—-input options----------————--———-————— - ————
!

! The output tape will contain the ntemp2 final temperatures

| specified. It is necessary to have templ.le.temp2(1).

! if temp2.eq.templ, the data will be thinned only.

!

! restart Continue broadening an existing pendf tape. All

! temperatures are copied through templ. Additional
! final temperatures are added by starting with the
! data at templ.

!

! bootstrap If bootstrap is not requested, each final tempera-

! ture is generated by broadening directly from templ

! erature is broadened from the preceding temperature.

! Bootstrapping is faster due to the thinning in the

! previous step. However, errors accumulate.

NJOY2012
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! thnmax A possible upper limit for broadening and thinning.
! The actual upper limit is the lowest of (i) this input
! value; (ii) the end of the resolved resonance range;

! (iii) the lowest reaction threshold; or (iv) 1.0 MeV.

! A negative value for thnmax forces the Doppler
! broadening upper limit to be abs(thnmax) irrespective

! of the other conditiomns.

! Caution: this may cause one or more threshold
! reactions to be broadened. The magnitude of

! thnmax must be chosen to keep the number of

! broadenable reactions less than or equal to the

! maximum of ntt (160).

! Caution: for use in transport codes, it is recommended
! to use the program default. We don’t know how

! to compute the spectrum of scattered neutrons from

! a broadened inelastic level in the current generation
! of codes. Broadened cross sections for threshold

! reactions may be useful for other purposes.

Note that templ need not occur on nout if istart=0. The restart option
(istart=1) enables the user to add new temperatures to the end of an existing
PENDF tape. This option is also useful if a job runs out of time while processing,
for example, the fifth temperature in a job requesting six or more final temper-
atures. The job can be restarted from the nout. The first four temperatures
will be copied to the new nout and broadening will continue for temperature
five. The bootstrap option speeds up the code by using the broadened result for
temp2(i-1) as the starting point to obtain temp2(i). The thnmax parameters
can be used to speed up a calculation or to prevent the broadening of inappro-
priate data such as sharp steps or triangles in an evaluated cross section (for

example, ENDF/B-V lead).

The following example prepares a broadened PENDF file for 23°U from
ENDF/B-VII at two temperatures. The line numbers are for reference only;
they are not part of the input.
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broadr

20 21 22
9228 2/
.001/

300. 1200.
0/

D O W N

On line 2, unit 20 should contain the ENDF file and unit 21 should a RECONR-
generated ASCII PENDF file of 0K cross sections for the isotope. Two materials
will be generated on unit 21 with 0.1% accuracy. First will be the 300K data,
followed by a MEND record, followed by the 1200K data, followed by MEND
and and TEND records. Best results are obtained when the error tolerance
errthn and the optional integral-thinning controls errmax and errint are the
same as those used for the RECONR run.

4.6 Error Messages

error in broadr***nin and nout must be same mode
Use coded to coded, or blocked binary to blocked binary. The latter is
faster due to the several tape copies performed in BROADR.

error in broadr***too many low threshold reactions
The current limit is set by the global parameter ntt=180. Check tt, mtr,
and ntt in broadr, tt in bfile3, and sbt in broadn.

message from broadr---desired mat and temp not on tape
Check the input PENDF file and the user input.
message from broadr---no broadenable reactions
No low threshold reactions were found.
error in broadr**xstorage exceeded
Insufficient storage to update directory. Increase nwscr=1000 in broadr.
message from stounx---sigma zero data removed ...
The input PENDF tape already contained a special unresolved section in
File 2. It has been removed. Rerun UNRESR if necessary.
message from bsigma---broadening truncated at a=----

The page is too small for the temperature difference requested. Increase
total storage available (namax) or repeat the calculation with smaller tem-
perature steps and istrap=1. The normal maximum size of a is 4.0 and a
is inversely proportional to T;—T;_;.
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4.7 Input/Output Units

The following units are used for input and output by BROADR.

10 nscri in BROADR. Contains the ENDF /B data at the initial tem-
perature.

12/13  iold/inew in BROADR. Contains union grid and low threshold re-
actions.

20-99 User’s choice for nin and nout to link with other modules.

Units 12 and 13 will always be binary. Unit 10 will have the same mode as nin

and nout.

4.8 Storage Allocation

All storage is divided in the most efficient way possible. The container array size
namax should be made as large as possible. The value of nbuf can be increased or
decreased at will — larger values will give faster execution. The value for nwscr
depends on the size of the ENDF /B dictionary, and 1000 words is sufficient for

all current evaluations.
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5 UNRESR

The UNRESR module is used to produce effective self-shielded cross sections
for resonance reactions in the unresolved energy range. In ENDF-format evalu-
ations, the unresolved range begins at an energy where it is difficult to measure
individual resonances and extends to an energy where the effects of fluctuations
in the resonance cross sections become unimportant for practical calculations.
As described in the ENDF format manual,[8] resonance information for this en-
ergy range is given as average values for resonance widths and spacings together
with distribution functions for the widths and spacings. This representation can
be converted into effective cross sections suitable for codes that use the back-
ground cross section method, often called the Bondarenko method,[38] using a
method originally developed for the MC2 code[36] and extended for the ETOX

code[27]. This unresolved-resonance method has the following features:

e Flux-weighted cross sections are produced for the total, elastic, fission, and
capture cross sections, including competition with inelastic scattering.

e A current-weighted total cross section is produced for calculating the effec-
tive self-shielded transport cross section.

e The energy grid used is consistent with the grid used by RECONR.

e The computed effective cross sections are written on the PENDEF tape in
a specially defined section (MF2, MT152) for use by other modules.

e The accurate quadrature scheme from the MC2-2 code[37] is used for com-
puting averages over the ENDF statistical distribution functions.

This report describes UNRESR, in NJOY 2012.0. The main changes from the

version reported previously[3] are as follows:

e the generation of a refined energy grid for some evaluations

e climination of the restriction that ntemp and nsigz be less than or equal
to 10, and

e the conversion to Fortran-90 style and storage allocation.

5.1 Theory

In the unresolved energy range, it is not possible to define precise values for the

cross sections of the resonance reactions o, (E), where x stands for the reaction
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type (total, elastic, fission, or capture). It is only possible to define average

values. Of course, these average values should try to preserve the reaction rate:

1)
/ 02(E) 60(E) dE
Fou(E") = 2B , (100)
¢o(E)dE

Ey
where ¢g(E) is the scalar flux, E* is an effective energy in the range [E1, Es],
and the range [E1, F»] is large enough to hold many resonances but small with
respect to slowly varying functions of E. In order to calculate effective values
for the transport cross section, it is necessary to compute the current-weighted

total cross section also. It is given by

Es
/ 02(E) 61 (E) dE

Fu(E") = P : (101)

o1(E)dE
Eq

where the P; component of the neutron flux, ¢;(E), is proportional to the
neutron current. To proceed farther, it is necessary to choose a model for the
shape of ¢;(E) in the vicinity of E*. The model used in UNRESR is based on

the By approximation for large homogeneous systems and narrow resonances:

C(E)

¢4(E) = W )

(102)

where C(F) is a slowly varying function of E, and 3;(F) is the macroscopic total
cross section for the system. In order to use this result in Eq. 100, it is further
assumed that the effects of other isotopes in the mixture can be approximated

by a constant called ¢ in the range [E;, Es], or

C(E)
[0+ an(E) "

Therefore, the effective cross sections in the unresolved range are represented by

Du(E) = (103)

Gon(E*) = =21 , (104)
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with x being t for total, e for elastic, f for fission, and  for capture, and

B2 o.(F
L +<(ft<)E>PC(E) 4E

Fu(E") = "2 : . (105)
— —(C(F)dE
fs, TrremEC®
This equation can also be written in the equivalent form
[
C(E)dFE
E

gi(E") = EE; 70+ o) — 00 - (106)

/ 1
B oo+ 0u(E)J?

The parameter o in Eq. 103 deserves more discussion. It can be looked at

C(E)dE

as a parameter that controls the depth of resonance dips in the flux. When
op is large with respect to the peak cross sections of resonances in o4(F), the
shape of the flux is essentially C'(E). For smaller values of o, dips will develop
in the flux that correspond to peaks in o;. These dips will cancel out part of
the reaction rate in the region of the peaks, thus leading to self-shielding of the
cross section. Analysis shows that it is possible to use this single parameter to
represent the effects of admixed materials or the effects of neutron escape from
an absorbing region. See the GROUPR chapter of this manual for additional
details.

The cross sections that appear in the above integrals can be written as the

sum of a resonant part and a smooth part as follows:

02(E) = by + 0pe(E) =be + > > 0wsr(E—Ear) (107)

where s is an index to a spin sequence, r is an index to a particular resonance
in that spin sequence, and Fg,. is the center energy for that resonance. The
smooth part b, can come from a smooth background given in the ENDF file,
and it also includes the potential scattering cross section oy, for the elastic and
total cross sections (x=t and x=e). In terms of the smooth and resonant parts,

the effective cross sections become

By oRr(E)
/E P R

, (108)
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and

FEs 1
—C(E)dFE
/E1 E+0Rt(E) ( )

/ 1 pyae

B, [0+ om(E)]?

o1 (EY) =

— 09, (109)

where & = by 4+ 0g. It is convenient to transform the denominators of Eqgs. 108

and 109 into
/1 CdEzl{/CdE /
0+ oy o

} : (110)

and
C dE} )

/[Ujat] CdE—{/CdE /
(111)

Furthermore, since C(FE) is assumed to be a slowly-varying function of E, it

can be pulled out through all integrals and dropped. The average cross sections

become
— EIOZ
=b 112
O0x z + 1— Iy, ) ( )
and
_ ol
=bh+-— 113
a1t t+1_[0t_I1t (113)
The last equation can also be written in the form
_ | 1=y
=0 |————| —o0p . 114
o1t U[l_IOt_Ilt:| 70 (114

The average cross sections are thereby seen to depend on two types of “fluctu-

ation integrals:”

1 By oRre(E)
Ty, = dE | 115
0 B By /131 o+ om(E) (115)
and
1 Ep EURt(E)
I :/ A LASYa—) 5 116
=GB Jp TronE)P (116)
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where x can take on the values t, n, f, or 7. Note that I1;<Iy, the difference
increasing as og decreases from infinity.

Inserting the actual sums over resonances into the formula for Iy, gives

1 Ex ZST str(E - Esr)
by — Ey E:1 o+ Zsr Utsr(E - Esr)

If the resonances were widely separated, only the “self” term would be impor-

Iy = dE . (117)

tant, and one would obtain

Z / P Ows (B Bo) (118)
EZ_EI E U+Utsr(E_Esr)

1

Since the range of integration is large with respect to the width of any one
resonance, the variable of integration can be changed to {=FE—F,,., and the
limits on £ can be extended to infinity. For any one sequence, the interval
Ey>—FE is equal to the average spacing of resonances in that sequence times the

number of resonances in the interval. Therefore,

= _Twsr(§) d 119
A N B ST (119)

where Dy is the average spacing, and the “I” superscript indicates that this is the
“isolated resonance” result. Because there are assumed to be many resonances
in the interval, the sum over resonances can be changed to a multiple integration
over some characteristic set of parameters (such as widths) times the probability

of finding a resonance with some particular values of the parameters:

N L=<tz = [daPe) [ fase) . (20

res

In the following text, this multiple integral (up to four fold) will be abbreviated
by writing the « integral only. The final results for isolated resonances are as

follows:

U:L’soz(g) a
I = Z /P / 70+Utsa(§)d§d, (121)

and
H=Yp fr@ ] Gyl 122
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If the effects of overlap are too large to be neglected, overlap corrections to
the isolated resonance result can be constructed using the continued-fraction

generator

1 1 b
-11- . 123
a+b a( a—l—b) (123)

Starting with the Iy integrals,

Zsr Oxsr _ Z Ozsr { 1
o+ Zsr Otsr o 0 + Otsr
_ Otsr! Ots'r } (124)
T%é;g‘f‘zatr Z?;S;:U“‘Zatsr

Expand the second term in the braces to get

Esr Oxsr . Oxsr
——— = —1
o+ Zsr Otsr prael + Otsr

. j : Otsr’
— 0 + Otsr + Oyt
r/#£r

O¢gr! ¢
{1_ Z U+§Utsr Zza+iratsr}

/' s'#s r!
//#T

DI s S S (129

s'#s r!

Neglecting the products of three different resonances in sequence s gives

Zsr Ogsr . Z: Oxsr

E‘FZM Otsr o O + Otsr
% {1 . Z _ Otsr! }
" 0 + Otsr + Otsp!
r'#r

X
N
|
™
™

ql
tla
E
g

(126)

The factor before the opening brace is the isolated resonance result, the factor
in braces is the in-sequence overlap correction, and the factor in brackets is
the sequence-sequence overlap correction. Note that recursion can be used to

refine the sequence-sequence correction to any desired accuracy. Similarly, the
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I; integral requires

Y or O0zsr _ Z[ CfO’zsr] [1

[E_'_ ZS?" UtST]2 ST E—’_O—tsr 2
Otsr’ Ots'r! }
. 127
§U+Zatr %:S;o"'_zatsr ( )

Once more, we expand the fraction and neglect terms that will result in products

of three or more different resonances in the same sequence. The result is

sr OO0 gsr _ Z OO0z
[E"’_ZST Utsr]2 S [E_}_Utsr]Q
2
Otsr! Otsr!
x {1 2y + () }
Z U+Utsr+0tsr T’Z;ér 0 + Otsr + Otspr
Ots'r
X [1— 77} , 128
s’z:;és; o+ thsr ( )

where in-sequence and sequence-sequence overlap terms have been factored out.

The next step is to substitute these results back into the fluctuation integrals
Ip and I;. The integrals over energy and the sums over different resonances in
each sequence can be handled as described above for isolated resonances. This
procedure will result in three different kinds of integrals. The first kind includes

the isolated resonance integrals already considered above

_ Ozsr
B,s = dE
E2 - El / 0 + Otsr
U:psa(&)
= d€ da | 129
D / / o+ Otsa(€) f “ ( )

and

1 E OO0tsy
Dy = —— / ———dF
s E2 _El E4 2 [E‘FUtsr]Q

o i a o Eaxsa(é) o
- o [P [ e ep e 0

Note that Dy < By, the difference increasing as og decreases from infinity.
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The next kind are the in-sequence overlap integrals. The sum over r’ is
replaced by integrals over the probabilities of finding each partial width and the

probability of finding a resonance r’ at a distance 1 from resonance 7.

Oxsr Otsr
V:cs = — dE
0 E2 - El /El T iy U + Otsr O + Otsr + Oty
Ursa )
= P
/ / / / 0 + Otsa (f)
Its (& = 1) dn dé dB da (131)

T+ 05a(§) + 01s8(6 — 1)

where £ = E — E,. and n = Egv — Fge. Similarly,

Vi = / O0tsr { Otsr
° Es — Fy ) - 2y [E"i_o'tsr]Q O + Otor + Oty
_( Ttsr! )?} dE
O + Otor + Oty

= 5z [ @ [P0 [ [om 5o,

{2 Utsﬂ(ﬁ 'f]
E+Utsa(f) +0’t55(£ 77)
orsp(§ —n) 2
[G+Ut8a(£)+0tsﬁ(§—n)] }dndfdﬂda . (132)

The final class of integrals includes the sequence-sequence overlap corrections.
They are simplified by noting that the positions of resonances in different spin
sequences are uncorrelated. Therefore, 2(n)=1, and the integral of the product
reduces to the product of the integrals.

Using the results and definitions from above, the fluctuation integrals become

Ing =Y Aus (133)

Aps = (Bas = Vous) [ 1= 3 Aw | (134)
s'#s

and

B =Y (D~ Vi) [1- 3 4] (135)

s s'#s
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where Eq. 134 provides a recursive definition of the A4 for the sequence-sequence
corrections as well as the normal value of A,;.

These equations are formally exact for the sequence-sequence overlaps, but
in-sequence overlaps only include the interactions between pairs of resonances.

Three different approximations to this result are currently in use.

The MC2/ETOX Approximation The MC2 and ETOX codes use similar
approximations to the results above, except that MC2 does not include a calcu-
lation of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>